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ABSTRACT

HOLOCENE CLIMATE AND ENVIRONMENTAL CHANGES: DISENTANGLING
NATURAL AND ANTHROPOGENIC SIGNALS IN THE SEDIMENTARY RECORD OF
LAKE LILANDSVATNET (NW NORWAY)

MAY 2012
ROBERT M. D’ANJOU, B.S., ECKERD COLLEGE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Raymond S. Bradley

This thesis presents a multi-proxy paleoenvironmental reconstruction from the
sedimentary archives of Lilandsvatnet, a small arctic lake on Vestvågøy, in the Lofoten
Islands, Norway. Lofoten has a rich history of human settlements existing throughout the
Holocene. The catchment of Lilandsvatnet was the location of a prominent Viking
chieftain farm that existed throughout the Iron Age, and the sedimentary archive contains
a strong signal of prehistoric and historic human settlements and land-use practices.
Paleoenvironmental reconstructions in this thesis show evidence for Holocene
environmental variability in response to both natural and anthropogenic forcing.
Cryptotephra deposits from Icelandic eruptions further contrain sediment chronology in
the study, allowing reconstructions of subtle changes in the landscape with excellent
chronological control during the late Holocene period of settlement. Additionally, I
attempt to improve existing methods for crypto-tephrochronology through the
development of new techniques.
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Records of molecular biomarkers and biogeochemical indicators directly linked to
human and agricultural activities are generated from the sedimentary record of Lake
Lilandsvatnet. Fecal stanols serve as a proxy for human and livestock population
dynamics around Lilandsvatnet. Pyrolytic polycyclic aromatic hydrocarbons (PAHs)
record burning landscape vegetation and changes in their total concentration provide
evidence for land-clearance practices. Aliphatic hydrocarbons (n-alkanes) from terrestrial
plant leaf waxes serve as a proxy for changes in catchment vegetation and reveal the
cumulative impact of early agricultural activities on the local vegetation. Ultimately,
these proxies facilitate natural and anthropogenic signals of environmental change to be
disentangled in the Late Holocene portion of the record. This innovative approach to
reconstructing human-landscape interactions provides an unambiguous date for the onset
of significant human impact on the environment in the study area to ~2,280 cal yr BP.
Additionally, the reconstruction shows several instances of rapid population decline that
are strongly tied to historic events, such as the great migration period and exodus to
Iceland at ~1050 calendar years BP as well as the “Black Plague” from 660-580 calendar
years BP.

Lilandsvatnet has a continuous sedimentary record dating back to the early
Holocene, and contains finely dispersed tephra particles (crypto-tephra) from Icelandic
eruptions that provide valuable constraints on the sediment chronology. Chronology
from radiocarbon measurements was further constrained by distal Icelandic tephra
deposits (cryptotephra) isolated from the surface core. Electron micro-probe analyses of
select cryptotephra samples provides major element geochemistries used to identify
several distinct tephras as; Askja-1875, Hekla-1158, Hekla-1104, OWB-105, BIP-24A,
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860 AD tephra (B), Sn-1 and Borge QUB-565. These tephras greatly improve age control
in the sediment cores, and ultimately provide a robust chronology permitting higher
resolution reconstructions for the last 2,400 years of the record.
This theis explores the possibility of using a continuous imaging flow-cytometer
(FlowCAM) for isolating distal tephra deposits in lake sediments. The results indicate a
strong potential for the FlowCAM to provide a valuable method of particle discrimination
in a wide variety of sedimentological applications. The instrument was able to capture
high-quality images of tephra shards within a sample, such that the images clearly
depicted the distinct morphological characteristics of the targeted tephra shards. These
distinct particle properties allow the visual pattern recognition software to accurately
identify and separate out the tephra images within a sample’s data file. Ultimately, the
FlowCAM was able to determine relative concentrations of tephra within sediment
samples, and the results substantiate continued investigation, as the FlowCAM may
provide a possible alternative to traditional microscopy methods.
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CHAPTER 1

INTRODUCTION

Context & Background

Global annual mean temperatures for the past few decades are unequivocally
higher than any other time during the last millennium (e.g. Crowley et al., 2000; Folland
et al., 2001; Jones et al., 2001; Mann et al., 2003; Cook et al., 2004; Moberg et al., 2005).
Current observations of the rapidly increasing rate and magnitude of environmental and
climatic changes occurring at both the regional and global scales have engendered
widespread awareness and concern as they have been attributed to anthropogenic impacts
on the natural environment. High latitude regions are understood to be exceptionally
susceptible to the effects of current and future anthropogenic activities, as smaller
changes in external forcing are amplified through numerous internal feedback
mechanisms (Steig, 1999; Kaufman et al., 2004; Philipp et al., 2007; Bakke et al., 2008;
Jones & Lister, 2009). The dramatic changes now occurring at these locations highlight
the need for improving our understanding of past climate and environmental changes.
Paleoclimatic and paleoenvironmental records of past changes are the only means of
obtaining the range of spatial and temporal information necessary to understand the
mechanisms and forcings that have defined the natural variability of the climate system in
the past. The continued development and interpretation of these records is vital to our
ability to predict future changes as it serves to construct a framework from which we can
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reliably consider present and future changes, allowing us to appropriately enact policy
and mitigate our actions accordingly.
The past few decades of paleo-research has seen enormous progress in the
understanding of natural climate and environmental variability. However, a lot of this
research has focused on the higher magnitude changes characteristic of the last glacial
interval, leaving large gaps in our knowledge of the Holocene. Most of these
discrepancies arise from the relative scarcity of geographically widespread terrestrial
archives in the high-latitude regions of the northern hemisphere that offer continuous and
dateable records spanning the entire Holocene period. Arctic lakes, however, offer a
unique ability to constrain the details of both high and low frequency climate variability.
Inorganic and organic matter from within as well as throughout the lakes catchment area
are deposited contemporaneously, thus recording the full range of environmental changes
experienced by the entire ecosystem. Yet, the type of material and methods available for
dating techniques often limits the resolution of these lake records. However, tephra from
Icelandic eruptions are becoming identifiable in increasingly distal locations. Recently,
tephra deposits have been identified in lake sediments throughout Northwestern Europe
and the northern North Atlantic (cf. Pilcher et al., 2005 and reference therein). The
isolation and analysis of these tephra horizons allows for the construction of precise and
reliable chronologies, strengthening existing chronologies when other dating techniques
are unavailable.
Improving our understanding of Holocene variability is particularly important, as
it is during this time that human civilizations began to flourish and records of
environmental change from archaeologically significant locations can provide a long-
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term view of human-climate interactions, revealing the histories of each that have led to
their present states (Oldfield, 2008). Lakes around these sites can therefore record a
robust history of regional changes, both natural and anthropogenic, and may engender
details of Holocene climate and environmental history vital to our understanding of each.

Study Location

Lofoten

The Lofoten Islands (67-69°N) extend off the northwestern coast of Norway and
consists of seven islands: Austvågøy, Gimsøy, Vestvågøy, Flagstadøy, Moskenesøy,
Værøy, and Røst. The island of Vestvågøy is the second largest island in Lofoten, with an
area of ~421.7km2. Mountains and bog-land dominate the current landscape of
Vestvågøy, while cultivated land and birch-wood forests constitute a small portion of the
island’s terrain with total areas of 43.8km2 and 22.1 km2, respectively (Munch et al.,
2003).

Climate

The Lofoten Archipelago experiences a unique climate, having mean annual
temperatures (~5.1 C) remarkably higher than the zonal mean annual temperature (MAT)
at this latitude, and relatively high annual precipitation totals (1055mm) (Johansen,
1982). This unique climate can be attributed to the islands geographic position, as the
island chain extends from the northern Norwegian coastline, protruding outward into the
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Arctic North Atlantic where the Norwegian Current (NwAC) flows. The NwAC is an
immediate extension of the North Atlantic Current (NAC), and transports the warmer
waters northward, directly towards the high-latitude islands. This places Lofoten at a
critical interface between several components of the climate system, and regional climate
variability throughout the Holocene has involved a series of interactions between the
atmosphere and ocean, possibly in response to variability in external forcing. Lofoten is
therefore a climatically sensitive area, and the potential teleconnection to NH and global
climate systems make it a key location for environmental and climatic reconstructions
(Alley et al., 1997; deMenocal et al., 2000; Kim et al., 2004; Mayewski et al., 2004;
Wang et al., 2005; Balascio, 2011).

Lilandsvatnet
Lake Lilandsvatnet (68°14.00’N, 13°47.60’E) is situated on the island of
Vestvågøy (Figure 1.1) and its location and physical characteristics make it ideal for
conducting the research proposed by this study, which seeks to produce a detailed
reconstruction of Holocene environmental changes due to natural climate forcing as well
as anthropogenic alterations to the landscape. Lilandsvatnet has a continuous sedimentary
record extending back to the beginning of the mid-Holocene, relatively high
sedimentation rates and lakes in this region are known to contain several crypto-tephra
horizons from Icelandic eruptions (Pilcher et al., 2005; Balascio, 2011), allowing for
higher-resolution reconstructions. Sediment deposited in Lilandsvatnet is mainly
comprised of organic material from allochthonous and autochthonous sources, and
therefore has relatively high concentrations of total organic carbon and organic
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geochemistry-based proxies should clearly record even the most subtle changes in the
local ecosystem. Additionally, Lofoten has a rich history of human settlements
throughout the Holocene, which have been extensively studied by archaeological
investigations (cf. Munch et al., 2003). Several pre-historic farms existed around the
cathcment of Lilandsvatnet (Figure 1.2) and are associated with the prominent Viking
Chieftain settlement at Borg which existed throughout the Iron Age (Munch et al., 2003;
Storli 2010; Vorren et al., 2012). Given the combination of these factors, the sedimentary
archive should contain a strong human signal of land-use practices throughout the period
of occupation.

Research Themes and Thesis Organization

The structure of this thesis was developed around two themes relating to
Holocene environmental changes in Lofoten. The first theme addresses natural and
human-induced environmental changes recorded in the sediments of Lilandsvatnet during
the Holocene. The second theme explores the use of cryptotephra deposits as
chronological devices in the reconstruction, and attempts to improve methods for
studying cryptotephra in lake sediments through the development of new techniques.
Chapters 2, 3 & 4 serve as stand-alone publications, and Chapters 1 & 5 connect the
results of each study, forming a single cohesive thesis.
Theme 1) Holocene Environmental Variability in Lofoten
•

Biogeochemical Evidence for Late Holocene Human Impacts on the Environment
in Northwestern Norway – Chapter 2
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Theme 2) Distal Cryptotephra Deposits in Lake Sediments
o A Late Holocene Tephra Record from the Lofoten Islands, Arctic Norway –
Chapter 3
o Locating Cryptotephra in Lake Sediments Using Fluid Imaging Technology –
Chapter 4

Overview of Chapters & Key Research Questions

Biogeochemical evidence for late Holocene human impacts on the environment in
northwestern Norway

A Holocene record of environmental changes produced from sediment cores
recovered from Lake Lilandsvatnet is explored in this chapter. Here, I determine whether
organic molecular markers in the lake’s sediments can be directly tied to the flora and
fauna from within the cathment area and whether specific molecular compounds can act
as proxies for reconstructing changes in catchment vegetation, agricultural practices, and
changes in human and livestock populations. Using a combination of several direct and
independent biogeochemical markers, all of which are related to different aspects of early
human settlement and land-use in the region (summarized in Tables 1 & 2), I provide a
reliable method for reconstructing the history of human populations in the area, and the
associated impacts these settlements had on the environment during the Holocene. The
results produced from these analytical strategies will address the questions:
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1. What changes have occurred in the catchment’s vegetation over the Holocene?
2. Do molecular marker records from Lilandsvatnet show evidence for the onset of
human settlement at this location?
3. Does this record reveal subtle changes in human population and agricultural
activity that correspond to historically documented events of plague, societal
collapse, and mass-migration?
4. Are distinct agricultural activities of the early settlers, such as farming, animal
husbandry, and land use practices, accurately identifiable in this record?
5. To what degree are these records able to disentangle natural climatically driven
changes in the ecosystem from anthropogenically forced changes?
6. What are the limitations of these molecular and biomarker-based proxies?

A Late Holocene Crypto-tephra Record from the Lofoten Islands, Arctic Norway

Cryptotephra were isolated from the Lilandsvatnet sediment core and electron
microprobe analysis provided geochemical compositions for selected tephra deposits.
Several of the tephras were identified as well known, historically dated, Icelandic tephras
and their ages were used in combination with radiocarbon dating techniques to construct
a strong chronology that would permit higher-resolution reconstructions from the
sediment cores. From the results of this study, I address the questions:

1. Which eruptions are present in Lilandsvatnet?
2. How accurate were the age determinations of the crypto-tephrochronology?
3. How will the results of this study contribute to future research projects?
4. What are the uncertainties and limitations inherent to tephra as a chronological
device?
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Locating Cryptotephra Horizons in Lake Sediments Using Fluid Imaging
Technology

Cryptotephra deposits contained in the sediments of Lilandsvatnet were isolated
and quantified using these traditional methods, however, this required hundreds of hours
of laboratory work and the entire volume of sediment from a split half of the 45-cm short
core to be consumed. The destructive nature of these techniques and large amount of
sediment required ultimately limited the amount of material available for further
analyses, and highlighted the need for improving upon these existing methods. I
investigate the utility of fluid imaging as an innovative approach to the identification and
quantification of cryptotephra horizons in sedimentary archives. This study uses a
Benchtop model FlowCam® from Fluid Imaging Technologies to rapidly photograph
tephra grains flowing in suspension past a microscope lens and perform automated
analyses of these images for particle recognition calculations. In this chapter, I address
the questions:

1. Is this approach capable of accurately quantifying concentrations of cryptotephra
in lake sediment samples?
2. What are the limitations of this method?
3. Can this method be used to replace extraction-microscopy methods for
cryptotephra isolation and quantification?
4. What other sedimentological applications could find utility in this instrument and
methodology?
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Summary of Materials & Methods

Core collection
During the 2009 field season in Lofoten, a team of researchers from the
University of Massachusetts Amherst extracted several sediment cores from Lake
Lilandsvatnet (68°14.00’N, 13°47.60’E) near Borg. Preliminary bathymetric surveys
identified the deepest section of Lilandsvatnet where subsequent coring operations would
be conducted (Figure1.3). Two sediment cores, roughly 225cm (LILA09) and 280cm
(LILB09) in length, were extracted from this location using a modified percussion coring
device. A 45cm surface core (LILC09) was also retrieved from this location using a
gravity corer, allowing the sediment water interface to remain preserved in the extracted
sediments.

Core Sampling & Sample Preparation
Sediment cores were split, and sub-sampled. The 225cm-long core was previously
sub-sampled at 5cm intervals by Nick Balascio, and stored in sealed 15mL vials. The
45cm sediment core (LILC09) was split and both halves of the core were sub-sampled at
1cm depth intervals. Samples from one half of the surface-core were used for tephra
analyses. All samples from the long-core along with samples from the other half of the
surface-core were freeze-dried and homogenized in their original containers using a clean
glass stirring rod, and stored in sealed-containers under-nitrogen, for geochemical
analyses. Laboratory tools were decontaminated in-between samples by solvent rinses of
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increasing polarity (hexane, dichloromethane, methanol, respectively). This was carried
out in triplicate in order to minimize contamination.

Bulk Geochemistry
Using an analytical mass balance, 0.1-0.3mg of each sample was massed, and
transferred to combusted silver capsules for bulk geochemistry analyses. All sub-samples
were analyzed for total organic carbon (%TOC), total nitrogen (%TN), (δ13C) and
nitrogen (δ15N) isotopic composition of organic carbon on a Thermo Delta V Advantage
IRMS interfaced with a Costech ECS 4010 Elemental Analyzer and reported relative to
VPDB for δ13C org, and AIR for δ15N org.

Lipid Geochemistry
Samples taken at 1cm intervals from the surface-core (LILC09) and samples
taken at 20cm intervals from the long-core (LILA09) were prepared for lipid geochemical
analyses.

Extraction
Samples were loaded into ASE cells and, prior to running, 20uL of 1.063ug/uL
C36 n-alkane was added to each sample as a recovery standard. Sediments were then
extracted using 60mL of dichloromethane/methanol (9:1, v/v) mixture at a temperature of
10000C and a pressure of 7.6 · 106 Pa for 5 min, using Automated Solvent Extraction
(Dionex ASE series automatic solvent extractor system with 60mL Ichem vials). For the
purposes of this study, the extracts produced will be referred to as Total Lipid Extracts
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(TLE). Solvent was removed from the TLE under a constant low-velocity stream of N2
gas using a TurboVAP, and dried samples were stored under nitrogen in glass vials with
Teflon lined caps.

Column chromatography
Silica gel columns were fashioned from 5 ¾ inch glass Pasteur pipettes by
packing a small amount of combusted glass-wool into the bottom of the pipette then
adding a bed volume of 1-mL of 100% activated anhydrous-silica-gel followed by a
small aliquot of anhydrous Na2SO4 and HCL-rinsed copper granules. Dried TLE was
brought back up in hexane and blown-down to near dry under a constant low-velocity
stream of N2 gas, this was repeated in triplicate to ensure that all traces of remaining
solvents had been removed. Prior to separation, each column was pre-rinsed with 6-mL
of n-hexanes. The TLE phase was separated into six fractions by silica-gel columnchromatography using 4-mL volumes of each eluding solvent: (F1) aliphatic
hydrocarbons (hexane), (F2) aromatic hydrocarbons (1:1 hexane: toluene, v:v), (F3)
alkenones/ketones (15:85 Ethyl Acetate:Hexane, v:v), (F4) n-alkanols/sterols/stanols
(ethyl acetate), (F5) acids/bile acids (chloroform), and (F6) polar compounds (methanol).
The alcohol/sterol fraction was derivitized using BSTFA and pyridine as a catalyst and
the acids/bile acids fraction was derivitized using BF3-MeOH. All fractions were blown
down under N2 gas, and brought back up in solution using GC-grade hexane solvent. A
20uL aliquot of C-37 n-alkane internal standard with a concentration of 1.063ug/uL was
added to each sample from fraction 1 (n-alkanes) and a 20uL aliquot of C-36 n-alkane
internal standard with a concentration of 1.005ug/uL was added to each sample from
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fractions 2, 3, 4 & 5 (aromatic hydrocarbons, alkenones/ketones, n-alkanols/sterols, and
acids/bile acids fractions, respectively) for quantification purposes. Samples were blown
down to near-dry and solvents were replaced with hexane (fractions 1, 2 & 3) and ethyl
acetate (fractions 4 & 5) and transferred into 2-mL glass vials with micro-volume tapered
inserts for subsequent GC-FID, GC-MS analyses.

Compound Identification and Quantification
Identification was performed using a Hewlett Packard 6890 series Gas
Chromatograph - Mass Spectrometer equipped with a 5% phenyl methyl siloxane column
(HP-5, 60m x 0.25mm i.d., film thickness 0.25mm). Compound identification was
achieved by interpretation of characteristic mass spectra fragmentation patterns and by
comparison with literature.
Quantification was performed using a Hewlett Packard 6890 series Gas
Chromatograph -Flame Ionization Detector (GC-FID) equipped with a 5% phenyl methyl
siloxane capillary column (HP-5 60m x 0.25mm i.d., film thickness 0.25 mm) using nHexatriacontane and n-Heptatriacontane (C36 & C37 n-alkane) as added internal
standards.

Magnetic Susceptibility
Magnetic susceptibility profiles were generated for all cores (LILC09 and
LILA09) using a Bartington MS2E sensor. Magnetic susceptibility was measured at 0.5
cm intervals and the profiles from the overlapping depths of the cores were used in
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combination with the bulk geochemistry records to place them on the same age-depth
model.

Cryptotephra Isolation
Using conventional acid-digestion heavy-liquid separation techniques, forty-five
continuous 1cm samples from the Lilandsvatnet surface-core and a series of seventeen
samples lake sediment samples that were used in the FlowCAM study (chapter 4) were
processed. Sediment samples were acidified using concentrated nitric acid to remove any
organic matter (Pilcher et al., 1996), and centrifuged in triplicate, using deionized water
to remove any remaining acid. The acidified samples were then washed in deionized
water over a 20µm sieve, removing fine-grained particulate matter. A sodiumpolytungstate liquid was prepared to a density of 2.3g/cm3 and added to each sample.
Following centrifugation, supernatant material was removed. This step was done in
triplicate, removing material less dense than the tephra grains. Sodium-polytungstate
solution with a density of 2.5g/cm3 was added to the remaining material in each sample,
and after centrifugation, supernatant material containing tephra was transferred to another
container (Turney, 1998). Again, this procedural step was done in triplicate, resulting in a
concentrated sample of tephra and mineral grains of similar density.

Tephra Identification and Quantification using Microscopy
Following the acid-digestion heavy-liquid separation procedure, samples from
the Lilandsvatnet surface-core were rinsed in triplicate with de-ionized water to remove
any remaining sodium-polytungstate liquid. Rinsed samples were then mounted on glass
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microscope slides using EPOthin epoxy resin. Using a polarizing light microscope tephra
grains were distinguished from background sediment and the total number of identified
tephra grains in each sample were counted. Randomly selected samples were counted in
triplicate to calculate the relative error inherent to these counts.

Microprobe Analysis of Tephra Geochemistry
Sample intervals were selected from the tephra-count record for EPMA
geochemical analyses where there seemed to be a clear peak of tephra, and grain size and
morphology were suitable for the microprobe. Based on this criteria, seven samples were
selected for further microprobe analyses, these samples were from depth intervals of; 01cm, 6-7cm, 8-9cm, 18-19cm, 23-24cm, 26-27cm, and 34-35cm. These slides were
polished, carbon coated and analyzed for major element geochemistry using a Cameca
SX50 electron microprobe at Umass Amherst’s SEM/EPMA lab, using wavelength
dispersal spectrometry with an accelerating voltage of 15 keV, a beam current of 10 nA,
and beam size of 7-10 µm. Instrument calibration was performed using a series of
silicate minerals, synthetic oxides and glass standards. Samples yielding totals of less
than 95% were omitted (Hunt and Hill, 1993). Comparison of the major-element tephra
geochemistry from each sample was examined through bivariate plots to identify
coherent geochemical populations. These distinct populations were then compared with
known eruptions deposited in the North Atlantic region using bivariate plots of
previously published major-element tephra geochemistry found using the Tephrabase
database (http://www.tephrabase.org) as well as several other sources of published
results.
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Processing Sediment for Cryptotephra using the FlowCAM
All sediment samples in this study were analyzed on a Benchtop model
FlowCAM® at 100X magnification and using a 100μm flow cell. Before each run, the
FlowCell was cleaned then primed with a 10-15mL of polyvinylpropyl (PVP), a nonfibrous heavy liquid, to remove any air bubbles or residual particles. Camera parameters
were adjusted so that the field of view, focus, brightness, gain, aperture and shutter speed
were optimized. Image thresholds were defined with a minimum ESD diameter of 15μm,
to avoid imaging unnecessary particles, and a distance to nearest neighbor of 2μm, to
avoid grouping aggregates of small particles into single images. Samples were suspended
in ~20mL of PVP , homogenized thoroughly, and pipetted into the FlowCam with a
pump setting of 4-Slow. Samples were processed using “Auto-Image mode” at a
constant imaging rate of 10 frames per second. When ~1ml of sample solution remained
in the top of the FlowChamber, ~10ml of PVP was added to to ensure that all particles
had been imaged and the recollection rate was close to 100%. Samples were recollected
in their original containers, to be used in later procedures.
Pure rhyolitic and basaltic tephra samples were processed in order to test the
FlowCAM’s ability to image cryptotephra particles 20-63μm in diameter, develop a
procedure tailored to this application, and generate a library of “ideal” tephra images to
be used in statistical filters. Mixed samples with varying concentrations of tephra and
fine grain minerogenic sediment were then run on the FlowCAM. Statistical filters based
on the tephra image library were applied to the list files generated from these samples. A
series of lake sediment samples known to contain tephra were concentrated using the
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“acid digestion–heavy liquid separation” procedure. The concentrated lake sediment
samples were run on the FlowCAM, and carefully re-collected into their original
containers. The image library was used to statistically filter the original list files for each
lake sediment sample. For each sample, the number of images that were statistically
determined to be tephra was summed, producing a tephra shard count for each sample. To
determine the accuracy and precision of this method, the re-collected samples were then
mounted onto glass slides using EpoTHIN epoxy, and the numbers of tephra grains
recognized under a polarized light microscope were counted, as with conventional tephra
identification methods.
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Table 1.1: Summary of the compound classes and respective proxies that were used to
generate paleoenvironmental reconstructions from the Lilandsvatnet sediment core
records.

Molecules
& Proxies

Aliphatic
Hydrocarbons (nalkanes) These compounds are
widespread biomarkers
in lacustrine
sedimentary archives
that are derived from
the decarboxylation of
precursor fatty acid
molecules. They are
extremely resistant to
degradation,
preserving the integrity
of their original
sources, and as such,
have been extensively
studied as indicators of
organic material
sources.

Short Chain
Even 12-22
Short Chain
15-19
Odd-overeven
predominance
Mid Chain
21-25
Odd-overeven
predominance
Long Chain
25-33
Odd-overeven
predominance

CPI

ACL

27+29/29+31

Mean Carbon
# (C27-31)
(MC)=∑([Ci]x
Ci)/∑ [Ci])

Interpretation

Example
Reference

Attributed to bacterial organisms
living within the lake.

Grimalt &
Albaiges, 1987

Attributed to algae and
photosynthetic bacteria within
the lake. C17 is particularly
diagnostic of these sources.

Cranwell et al.,
1987; Meyers,
2003

Attributed primarily to
submerged aquatic plants.
C21 and C23 are most diagnostic
of these sources.

Ficken et al.,
2000

Characteristic of higher order
terrestrial plants. Land plant leaf
waxes primarily contain C27 and
C29 and are most diagnostic of
leafy trees. C29 and C31 are the
major constituents of land
grasses and small-shrubs, and
are diagnostic of this source
Calculation relating to odd or
even predominance. A lack of
predominance often indicates
highly degraded material or
contamination from oil.
Portrays changes in the relative
amounts of different chain
lengths over time, and thus
changes in productivity of their
source organisms
Has been used to indicate
changes in the dominant
terrestrial vegetation types (ie.
forested, or grassland)
Shown to closely correspond
with the percentage of pollen
derived from grass in the
sediments, revealing transition
from forested to grassland
dominated landscape.

23

Maffei et al.,
1996; Collister
et al., 1994;
CranIll et al.,
1987

Fisher et al.,
2003

Ficken et al.,
2000

Cranwell, 1973

Fisher et al., 2003

Table 1.2: Summary of biogeochemical compounds and associated proxies applied to the
sedimentary record of Lilandsvatnet as recorders of human and livestock populations, as
well as agricultural land-use practices.

Fecal Sterols and
Stanols
produced from cholesterol gut of mammals - different
sterols produced by different
animals - commonly applied
to modern studies as
identification of human
waste/sewage several
studies have successfully
applied the ratio of
coprostanol to other sterols
in sedimentary records to
indicate the presence of
humans and/or domesticated
animals (cows and sheep) as
well as to quantify the
relative inputs from each
source contamination

Molecules &
Proxies

Interpretation

Example
References

Coprostanol (5βcholestan-3 β-ol)

This is the major sterol present in
human feces, representing more
than half of the total sterol
content. Not found in appreciable
quantities of any other mammal
feces, other than pigs.

Knights et al. 1983;
Pepe et al.
1989; Leeming et al.,
1994; Sherwin et al.,
1993; Simpson et al.,
1998; Bull et al.,
1999, 2000;
Coredeiro et al., 2008

Epi-coprostanol
(5β-cholestan-3α-ol)

Degradation product of
coprostanol – used to correct for
coprostanol concentrations over
time. Coprostanol at time of
deposition =
epicoprostanol+coprostanol

Sherwin et al., 1993;
Simpson et al., 1998;
Bull et al., 1999,
2000; Coredeiro et
al., 2008

5 β-Stigmastanol
(24-ethyl-5βcholestan-3 β-ol)

Main fecal sterol in feces from
higher mammals, such as cows
and sheep.

Sherwin et al., 1993;
Bull et al., 2000;
Evershed & Bethell,
1996

5 β-epi-stigmastanol
(24-ethyl-5βcholestan-3α-ol)

Degradation product of 5 βStigmastanol. Used to correct for
5 β-Stigmastanol concentrations
over time.

5 β-Campestanol
(24-methyl-5βcholestan-3 β-ol)

Found in high quantities in the
feces of higher mammals, such
as cows and sheep
Degradation product of 5 βcampestanol. Used to correct for
5 β-campestanol concentrations
over time.
Produced during the incomplete
combustion of plant material

5 β-epi-campestanol
(24-methyl-5βcholestan-3α-ol)

Pyrolytic PAHs –
Polycyclic aromatic
hydrocarbons that are
produced from the
incomplete combustion of
organic material. In areas
where natural forest fires are
rare, these compounds can
be used to explore the
timing and extent of
agricultural land-clearance
practices, or hearth
development around the
lake catchment.

pyrene

Produced during the incomplete
combustion of plant material

benzo[e]Pyrene

Produced during combustion of
plant material, usually at higher
temperatures indicating
substantially larger and intense
fires.
Produced during the incomplete
combustion of plant material

benzo[ghi]perylene

fluoranthene

Produced during the incomplete
combustion of plant material

benzofluoranthenes
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Sherwin et al., 1993;
Bull et al., 2000;
Evershed & Bethell,
1996
Sherwin et al., 1993;
Bull et al., 2000
Sherwin et al., 1993;
Bull et al., 2000
Finkelstein et al.,
2005
Finkelstein et al.,
2005

Finkelstein et al.,
2005
Finkelstein et al.,
2005
Finkelstein et al.,
2005

Figure 1.1. Map of study site location of lake Lilandsvatnet, on the island of Vestvågøy,
in the Lofoten Islands, NW Norway. The approximate location of Lilandsvatnet is
indicated by the yellow square (upper left hand corner).
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Figure 1.2. Map of Lake Lilandsvatnet and its catchment area. The approximate location
of know prehistoric farms are indicated by the yellow circles and the location of the
major Viking Chieftain at Borg is indicated by the red circle.
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Figure 1.3. (Top) Bathymetric map of Lilandsvatnet showing the approximate location
where cores were recovered (green lines) and (Bottom)sub-bottom profiles across the
coring location (transects made approximately where green lines are).

27

CHAPTER 2

BIOGEOCHEMICAL EVIDENCE FOR LATE HOLOCENE HUMAN IMPACTS
ON THE ENVIRONMENT IN NORTHWESTERN NORWAY

Abstract

What we know about the establishment of prehistoric human settlements is often
based on indirect and discontinuous data. As such, paleoenvironmental reconstructions
have often been unable to attribute the extent to which environmental changes were
influenced by natural or anthropogenic forces due to poorly defined records of human
activity. Continuous and direct evidence of prehistoric populations would allow for a
more complete understanding of the human-landscapes dynamics associated with these
societies, revealing the timing and magnitude of the initial establishments of permanent
settlements, agricultural practices, and land-use changes. Here I present a method for
understanding human-landscape dynamics through the characterization of molecular
markers in the sedimentary record of Lake Lilandsvatnet, a small arctic lake on
Vestvågøy, in the Lofoten Islands, Norway. The catchment area of Lilandsvatnet is the
understood to be the location of a prominent Viking chieftain farm that existed
throughout the Iron Age, and the sedimentary archive was anticipated to contain a strong
human signal of land-use practices throughout the period of occupation. Fecal 5β-stanols
(coprostanol and campestanol) are biomarkers directly produced by human and
domesticated animals (livestock), and changes in their relative proportions are used to
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record population dynamics around Lilandsvatnet. Pyrolytic polycyclic aromatic
hydrocarbons (PAHs) are the explicit product of burning landscape vegetation and
changes in their total concentration, along with changes in the composition of terrestrial
plant leaf waxes, show direct evidence of land-clearance practices and their effects on the
local vegetation. Furthermore, the robust chronology for this record allows us to view
these environmental changes in detail, as a function of human-landscape interactions.
Through the results of this study, I was able to unambiguously date the onset of
significant human impact on the environment in Arctic Norway to ~2,280 cal yr BP. The
reconstruction also shows evidence for several instances of rapid population decline that
are strongly tied to historic events such as the great migration period and exodus to
Iceland at c.1050 cal yr BP as well as the ubiquitous “Black Plague” from 660-580 cal yr
BP.

Introduction

Records of Holocene environmental change provide a long-term view of humanclimate interactions, revealing the histories of each that have led to their present states
(Oldfield, 2008). Of particular interest to such studies are well-investigated northern
archeological sites, as the sedimentary records at these locations offer direct evidence of
human activities, species diversity, climatic and environmental variability. However,
there exist several key limitations when interpreting paleoenvironmental records from
these sites. These impediments arise from the fact that these sedimentary archives record
both human and natural changes in the environment (Oldfield & Dearing, 2003). Because
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of this, many paleoenvironmental reconstructions have been unable to distinguish
between environmental changes due to natural variability from those caused by
anthropogenic activities. In these instances, it has become common-place to simply
attribute all paleoenvironmental changes occurring during the Late Holocene to a
combination of both anthropogenic and naturally driven forces and to state that human
activities may have had an influence on the results, but the extent of which is unknown.
Discounting either human impacts on environmental processes or climate influences on
past human activities is equally damaging to our understanding of both.

Previous Approaches to Reconstructing Human Impacts from Lake Sediments

Reconstructing lake and catchment history, has often been achieved by
distinguishing sources of material (both organic and minerogenic material) being
deposited the lake sediments and assessing any changes in inputs that may be associated
with changes in vegetation in the catchment, from either natural or anthropogenic causes.
The most widely applied paleolimnological proxies of human impact on the landscape are
pollen analyses, sediment accumulation rates (SAR), charcoal analysis and magnetic
susceptibility. These different approaches to reconstructing and understanding human
impacts on local environments have provided important information for past paleoreconstructions. However, there are numerous limitations inherent in interpreting each of
these proxies as an unambiguous recorder of human-driven impacts on the natural
landscape. The primary constraint arises from the fact that these proxies are based on
indirect evidence, where the mechanisms responsible for their variability throughout time
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are complex and not necessarily sole product of anthropogenic activities. Second,
reconstructions from arctic lake sediments often have poor age-control, preventing
precise dating of short-term human-impact events.

Pollen Diagrams
Pollen is one of the most common proxies used in reconstructing
paleoenvironmental changes and has often been used to demarcate the timing and
magnitude of anthropogenic impacts on local environments. One approach is based on
evaluating the changes in forest composition as a product of land-clearance practices
(Amman 1988). Another approach is to study indicator species of pollen from species of
plants used for cultivation (cereal or barley) or cropland and pastoral weeds associated
with human disturbed landscapes (Behre 1981). Pollen from certain leafy trees (e.g.
Betula pubscens.) and pollen from terrestrial grasses (e.g. Graminae) have been applied
as recorders of agricultural land-use practices by tracking changes in the amounts of each
and interpreting these changes as a record of deforestation and grassland formation,
respectively, through land-clearance practices and sustained grazing by livestock (cf.
Birks et al., 1988). These approaches enable the overall impacts of agriculture on the
surrounding catchment vegetation to be assessed. However, it is important to note that
pollen-based studies are subject to some further limitations, including morphological
limitations, bias due to differential pollen production and dispersal, misrepresentations in
the sedimentary archives arising from human exploitation, and a lack of suitable modern
analogues for past floral assemblages (Berglund 1985; Birks et al., 1988; Birks 1993). In
studies seeking to date the onset of crop farming, and reconstruct changes in farming
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practices, this can have an even greater impact on the resulting interpretations especially
in agriculturally marginal locations such as arctic and sub-arctic sites which border on the
northern limit for crop farming. At these types of archaeological sites, the concentration
and composition of pollen deposited in the past may not necessarily reflect vegetation
growing within the catchment area, as pollen can be easily transported long distances by
the prevailing winds, and therefore may reflect the vegetation growing in distal locations.
Farming practices are often more extensive, and developed earlier, in location just
slightly south of these northernmost settlement locations, and wind transported pollen
from pastoral activities in the south could thus bias interpretations being made.

Magnetic Susceptibility & Sediment Accumulation Rates
Magnetic susceptibility and sediment accumulation rates (SAR) have been
extensively employed by past studies as proxies for reconstructing human land-use
changes. Often, they are used to mark the timing and magnitude of changes in catchment
soil stability (cf. Thompson et al., 1980). Magnetic susceptibility often increases during
periods of increased soil and catchment erosion as increased minerogenic sediment is
deposited in the lake (cf Thompson et al., 1975). Likewise, increased catchment
destabilization causes increased deposition of soil and sediment from the surrounding
cathcment area. These are related to agricultural activity by the assumption that
deforestation, grazing by livestock and land-use practices are the predominant drivers of
changes in catchment stability. However, increased catchment erosion is also greatly
influenced by climatic and environmental factors (e.g. increased precipitation, loss of
stabilizing plant species during droughts, fire regimes, harsh winters, etc.). These natural
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changes are recorded in the geological archive in conjunction with anthropogenically
driven changes as a unified signal, making it difficult to attribute the extent to which each
of these mechanisms are responsible for the observed variability.

Charcoal Analysis
The identification and analysis of charcoal in sediments around archaeologically
important sites has been used to reveal information regarding human land-use in the past
(cf. Asouti & Austin, 2005). The charred remains of catchment vegetation are deposited
and preserved in the sedimentary record and reflect the frequency and magnitude of
either natural fire-regimes or agricultural land-clearance (cf. Pearsall, 1983; Miller, 1985;
Clark, 1988; Willcox, 1974, 2002). However, the relationship is regrettably not that
simple, as several factors hinder the accuracy of this proxy record. In order to confidently
designate charcoal as evidence of anthropogenic activities, studies must explore the
natural paleo-fire records over a much larger time-scale in order to disentangle the
respective roles of climate, vegetation, and humans in shaping the fire activity at different
spatial and temporal scales. In many instances, locations are subject to frequent high
magnitude natural fires, in which case charcoal cannot be applied as a marker of human
activity as the natural fire-regime will distort or mask the human signal. This problem can
only be circumvented by generating other independent measures of human activities (ie.
pollen, MS, and SAR) from the same sediment samples (Clark & Patterson 1984).
Furthermore, in instances when the occurrence of natural fire-regimes is negligible,
charcoal itself may not be a completely reliable proxy record of anthropogenic landclearance practices as size fraction and preservation effects of the charcoal impose major
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constraints on the interpretation of the paleo-record (cf. Clark & Royall, 1996).
Additionally, charcoal assemblages are not a direct representation of vegetation around
the settlement area, and represents only woody trees and shrubs being burnt. Therefore, it
is still necessary that research validate the recent portion of the record with independent
evidence of fire and land use practices.
In summary, these various approaches to reconstructing human impacts on the
environment are difficult to interpret. The answer to these limitations lies in the
development of more direct ways to record and reconstruct anthropogenic impacts. Here,
I explore whether organic molecular markers in lake sediments reflect direct floral and
faunal sources of organic material deposited in the sediment and whether molecular
compounds can act as proxies for changes in catchment vegetation, agricultural practices,
and changes in human and livestock populations. I use several direct and independent
biogeochemical markers, all of which are related to different aspects of early human
settlement and land-use. The combination of these proxy records provide an improved
method for reliably reconstructing the human-history of the area, and the impacts it had
on the surrounding environment.

Study Site

Lake Lilandsvatnet (Vestvagoy, Lofoten Islands, NW; Fig. 1) was chosen as the
study site for several reasons; its catchment area encompasses several archaeologically
significant locations associated with prehistoric settlements since the Early Iron Age
through the Viking period (Munch et al., 2003; Storli 2010; Vorren et al., 2012). As such,
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the catchment has experienced periods of land use change and deforestation during the
Late Holocene driven by a combination of climatic, environmental, societal,
demographic, and economic pressures and the sedimentary archive should contain a
strong signal of these human activities. Extensive archaeological and paleoenvironmental
research has been conducted on this region, providing a unique opportunity to correlate
my results with numerous other studies based on both paleorecords and historical
accounts. Furthermore, this lake has a relatively high sedimentation rate, a continuous
sedimentary record dating back to the early Holocene and contains several crypto-tephra
horizons from Icelandic eruptions, which provides valuable constraints on the sediment
chronology. Sediment deposited in Lilandsvatnet is mainly comprised of organic material
from allochthonous and autochthonous sources. Lilandsvatnet’s high organic content and
sedimentation rate, climatically sensitive location, and tephra deposits provide an
opportunity to reconstruct subtle changes in the landscape around Lilansvatnet during the
late Holocene period of settlement, with excellent chronological control.

Research Strategy & Justification

This study uses fecal stanols as molecular markers in the sedimentary record of
Lake Lilandsvatnet that trace prehistoric human and livestock populations. It has been
suggested by previous studies that these compounds can be applied to archaeological
sediments and soils as a proxy for the presence of human and livestock populations (cf.
Simpson et al., 1999; Holtvoeth et al., 2010). Here I present a continuous down-core
record of these compounds and I show evidence that these compounds can be reliably
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used as a direct-product molecular recorder (biomarker) of relative changes in human and
livestock animal populations. Explicit stanol compounds are present in varying
concentrations and combinations in the feces of distinct species of mammals. Coprostanol
(5β-cholestan-3 β-ol) is the major stanol present in human feces, representing more than
half of the total sterol content (Leeming et al., 1984; Holtvoeth et al., 2010). Conversely,
feces from higher mammals, such as cows and sheep, have a much lower concentration of
coprostanol but higher amounts of 5β-campestanol and 5β-stigmastanol (Bull et al.,
2002). Several studies have successfully applied records of concentrations and ratios of
coprostanol and other fecal stanol records to mark the presence of humans or
domesticated animals (cows and sheep) as well as to quantify the relative inputs from
each source (Sherwin et al., 1993; Evershed & Bethell, 1996; Bull et al., 2002). Various
fecal stanol indices produced from the sedimentary records of archaeological sites have
also been employed as signals for the manuring of agricultural lands (Simpson et al.,
1998; Bull et al., 1999a, 1999b, 1999c; Coredeiro et al., 2008). However, It is important
to note that when applied to archaeological and paleoenvironmental studies, the
concentration of epi-5β-stanols must complement concentrations of each respective fecal
stanol, as the sum of each respective compound pair can correct for the natural
conversion of the 5β-stanol to its epimer (Simpson et al., 1998). Quantitative down-core
records have been generated by this study for concentrations of fecal stanols largely
representative of human sources (coprostanol and epi-coprostanol) and of livestock
sources (sheep and cattle) (5β-stigmastanol, epi- 5β-stigmastanol, 5β-campestanol and
epi-5β-campestanol). This long-term record of molecular markers, extends back to the
beginning of the mid-Holocene, and provides evidence for the establishment of a
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significant human population and the onset of agricultural practices, as well as human
and livestock population dynamics in response to climatic, environmental, social,
political, and demographic pressures, that are well constrained by the records exceptional
chronological control.
Two additional molecular marker based proxies were used by this study, helping
bolster the interpretations made from the fecal stanol records by providing records of
environmental change and a fire-regime history for the study area. Pyrolytic polycyclic
aromatic hydrocarbons (PAHs) are used as direct evidence for the burning of vegetation
throughout the 7,200 Cal yr BP record. Certain pyrolytic PAHs are the direct products of
the combusted organic material from terrestrial plants at the time of a fire (cf. Finkelstein
et al., 2005; Lima et al., 2005). Therefore, these compounds can provide an unambiguous
paleofire record within the lake catchment. A sum of the pyrolytic PAHs (Total PAHs =
pyrene + benzo[e]pyrene + benzo[ghi]perylene + fluoranthene + benzofluoranthenes) is
used in this study as a proxy for the burning of organic material originating from within
the catchment area of Lake Lilandsvatnet. Aliphatic hydrocarbons produced in waxes of
terrestrial plants are used as recorders for local environmental changes. This proxy
record reveals natural, climate-driven, changes in the catchment vegetation before the
onset of human settlement, and records the collective impact of human-driven land use
practices (land-clearance, burning landscape, manuring, grazing livestock, & crop
cultivation) on the local environment during the late-Holocene period of significant
human impacts. These organic compounds are derived from both autochthonous and
allochthonous sources (Didyk et al., 1978; Meyers and Ishiwatari, 1993) and are
widespread biomarkers in lacustrine sedimentary archives. Because of this, aliphatic
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hydrocarbons have been intensively studied as indicators of source organisms (Cranwell
et al., 1973, 1987; Barnes & Barnes, 1978; Grimalt & Albaiges, 1987; Collister et al.,
1994; Bourbonniere & Meyers 1996a, 1996b; Maffei et al., 1996; Ficken et al, 1998,
2000, 2002; Meyers, 2003). The principal sources of biogenic aliphatic hydrocarbons to
lake sediments are algae, bacteria and vascular plants that live within a lake, and vascular
plants that live around it. Short chained, even numbered, C12-C22 n-alkanes are usually
attributed to bacteria (Grimalt & Albaiges, 1987), n-alkanes C15-C21 (especially C17)
are attributed to algae and photosynthetic bacteria (Cranwell et al., 1987; Meyers, 2003),
submerged aquatic plants are the main producers of C21, C-23, and C25 n-alkanes
(Ficken et al., 2000), while long chained homologues (C25-C33) having an odd-overeven predominance are characteristic of higher order terrestrial plants (Collister et al.,
1994) with major constituents being C27-C29 for leafy vegetation (Cranwell et al., 1987)
and C31 for land-grasses (Maffei et al., 1996). Using this rational, several studies have
successfully applied ratios of these various n-alkane chain lengths to sedimentary records
as a recorder of changes in the relative amounts of each specific source type, allowing the
reconstruction of vegetation dynamics throughout the catchment. Ratios such as
(([C27]+[C29])/([C29]+[C31])) (Cranwell et al. 1973) and Mean Carbon Number ((MCN
for C25 to C31) =∑([Ci]xCi)/∑ [Ci]) (Fisher et al. 2003) have been shown to closely
correspond with the percentage of pollen derived from grass in the sediments, revealing
transitions from forested to grassland-dominated landscapes. By applying a ratio of nalkanes produced mainly by tree leaf waxes to those produced by grasses I was also able
to reconstruct relative changes in composition of the terrestrial vegetation surrounding
the lake, revealing transitions between a forest and a grassland-dominated system.
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Changes in the overall composition of the surrounding vegetation reflect the direct effects
of land clearance practices as well as indirect effects of agricultural practices such as the
continued grazing by sheep and cattle.
The strengths inherent to this approach are numerous, as each of the proxies serve
as independent measures of various aspects of human-settlement and anthropogenic
activities in the area. Additionally, all proxy records are produced from the same
sediment samples, such that converging lines of evidence demarcating the timing and
magnitude of human impacts on the environment are viewed on the same high-resolution
time-scale. As a result, I was able to confidently reconstruct a broad spectrum of early
human settlement activities, the magnitude if those activities, and their individual
contributions to the overall human impact on the local environment. The most powerful
aspect of this neoteric approach to reconstructing paleoenvironmental change is the idea
that each proxy is an uncomplexed signal of single variable; necessitating that
interpretations are made from several converging lines of direct evidence such that they
require the least possible number of assumptions, basic tenets of scientific research that
are often forgotten.

Results & Discussion

During the 2009 field season in Lofoten, a team of researchers from the
University of Massachusetts Amherst extracted several sediment cores from Lake
Lilandsvatnet (68°14.00’N, 13°47.60’E) (Figure 2.2) in the area of Borg (Balascio,
2011). Preliminary bathymetric surveys were used to identify the deepest section of
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Lilandsvatnet where coring operations were conducted (Figure 2.3). Two sediment cores,
roughly 225cm (LILA09) and 280cm (LILB09) in length, were extracted from this
location using a modified percussion coring device. A 45cm surface core (LILC09) was
also retrieved from this location using a gravity corer, allowing the sediment water
interface to remain preserved in the extracted sediments. The sediment cores were placed
on the same corrected depth scale by matching up magnetic susceptibility profiles from
the overlapping depths of the two cores (Figure 2.4). This correlation was further
resolved by matching distinct characteristics in the bulk geochemistry of both records
(%TOC, %TN, C/N, δ13C and δ15N). One half of the 45-cm core was used to isolate
cryptotephra with the goal of developing a detailed chronology to produce a high
resolution reconstruction of regional environmental changes from the 45cm surface-core,
covering the most recent 2,350 cal yr BP. This period covers the onset of considerable
environmental change from anthropogenic activities in the Vestvagoy region (Nielssen
1977; Johansen, 1979, 1982; Johansen & Vorren, 1986; Vorren et al., 1979, 2012;
Balascio, 2011; Balascio et al., 2011) and extends throughout the entire period of human
occupancy until the onset of the modern industrial period. The records generated by this
sediment core were used to look at centennial to multi-decedal scale changes in climate
and vegetation as well as the timing of human settlement on Vestvagoy, and the impacts
these prehistoric settlements had on the landscape.
Chronology for the combined 7,300 year record was established using five AMS
radiocarbon measurements and further constrained by tephrochronology (Figure 2.5).
Radiocarbon measurements were made on three macrofossils picked from the 225cmlong sediment core (LILA09) and two from the 45cm-surface core (LILC09). Electron
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micro-probe analyses were conducted on select tephra samples from the 45cm sediment
core, providing geochemical signatures for each. Comparison of the major element
geochemistries of these tephra with the geochemistry of published eruption tephras has
identified them as; Askja-1875, Hekla-1158, Hekla-1104, OWB-105, Borge Inderpollen
24cm (BIP-24a), “860 AD tephra (B)”, SN-1 and Borge QUB-565. Identified tephras
were used conservatively in constructing the chronology, and only three of the well
established and historically dated tephras (Askja-1875, Hekla-1158, Hekla-1104) were
used. Radiocarbon dates in conjunction with these tephra constitute the framework for
the age-depth model. All radiocarbon ages were calibrated to calendar years using Calib
v.6.1 (Stuiver & Reimer, 1993, 2011) using the IntCal09 data set (Reimer et al., 2009).
Ages from both tephra and 14C radiocarbon measurements are reported as calendar years
prior to 1950 AD (cal yr BP). Age models were constructed by fitting a smoothed spline
to the age-depth data (Table 2.1) using the clam code (Blaauw, 2010) for the open-source
statistical software “R” (R Development Core Team, 2010) (cf. Arnes et al., 2012). This
software generates curve fits through the probability distributions and calculates the
“best-fit” curve as the weighted average of 1,000 iterations. The 95% confidence
intervals are calculated as the 2σ range of the mean of the iterations, and represent the
minimum and maximum age ranges at each depth.
Results from all molecular marker proxy records used in this study indicate two
distinct phases in the sediment core record (Figure 2.6). Phase (I) (7,050 cal yr BP to
2,300 cal yr BP) defines the pre-settlement period and is characterized by negligible
human activity within the catchment area of Lilandsvatnet (Figure 2.7). Phase (II) is
defined by distinct changes from the background state of all proxy records, beginning at
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2,280 cal yr BP and continuing to the modern era (Figure 2.8). These changes are
associated with the establishment of permanent settlements around Lilandsvatnet and a
related increase in intensity of agricultural land-use practices. Our proxy records show
evidence warranting further division of Phase (II) into two major agricultural periods:
(IIA) from 2,280-1,970 cal yr BP, and (IIB) from 1850-105 cal yr BP, a division
supported by previous reconstructions in the area (cf.. Vorren et al., 2012).

Phase (I) - 7,050 - 2,300 cal yr BP – Pre-Settlement Period
All proxy records generated by this study show negligible evidence for human
activity operating within the catchment area of Lilandsvatnet from 7,050-2,300 cal yr BP
(Figure 2.7). Concentrations for the stanol compounds characteristic of human feces
(coprostanol + epi-coprostanol) were consistently absent or below the instrument
detection limit throughout the Phase (I) period, clearly indicating that there was not a
significant human population around Lilandsvatnet during this period. There is, however,
a fairly stable albeit low background concentration of fecal stanols characteristic to
ruminant feces (campestanol + epi-campestanol) during this period. These compounds
had an average concentration of 2.65+ 0.36 ug/g OC over this period and are most likely
recording small populations of indigenous ruminant species living within the catchment
area such as deer, elk, and moose, rather than populations of domesticated livestock. The
summed concentration of the fecal stanols and their respective epimer homologues do not
exhibit decreasing trends in concentrations over this time-period. This lends credibility
to the idea that degradation effects on the original stanol compounds can be corrected for
by representing their concentrations as the sum of the original compound plus its
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respective “epi” homologous degradation products, reliably representing the
concentrations of each compound at the time of their production (cf. Bull et al., 2002).
This correction is essential to the reliable use of these proxies in records covering longer
time-scales. Pyrolytic PAHs also display a relatively stable low background
concentration during this period, with an average concentration of 16.92 + 4.04 ug/gOC.
This background concentration reflects landscape burning in the catchment area, most
likely from natural fire regimes. During this period the ratio of plant leaf wax carbon
chain numbers, used as a proxy for relative transitions between amount of forest and
grassland present in the catchment, shows that the terrestrial vegetation had a higher
density of trees than the grassland-dominated landscape characteristic of the modern
catchment vegetation. At ~6,700 cal yr BP there is a peak in the relative contribution of
tree leaf waxes, representing the maximum density of trees in this area during this period.
Otherwise, our plant leaf wax record shows that the catchment vegetation was relatively
stable with a relatively higher tree population existing throughout this period.

Phase II – 2,280–100 cal a. BP – Post-Settlement Period

Phase IIA – 2,280-1,970 cal a. BP - Initial Settlement/ First Agricultural Period
The beginning of Phase IIA is defined by a clear transition from the background
states defined by Phase I, occurring synchronously in all of our proxy records starting at
2,280 cal yr BP (Figure 2.8). This transition marks the establishment of permanent
settlements in the area and associated increases in agricultural practices. Concentrations
of human and livestock fecal sterols increase significantly at 2,250 cal yr BP, with
elevated concentrations of these markers occurring until a sharp decline at 2,000 cal yr
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BP. Pyrolytic PAHs show a distinct increase in concentration at 2,285 cal yr BP,
occurring slightly before the increases in fecal sterols. This observed lead-lag
relationship, with increasing concentrations of pyrolytic PAHs pre-dating the timing of
increased human and livestock populations by several decades reflects the progression of
land clearance events prior to the establishment of permanent settlements. This
interpretation is bolstered by the record of terrestrial plant leaf waxes, which show a
marked transition to a more grassland-dominated landscape beginning at this time.
Previous studies have interpreted charcoal layers from this area to suggest that the local
birch forest was initially cleared away with the help of fire, possibly related to a slashand-burn cultivation practice (Sjögren & Arntzen, 2012).
There is a distinct hiatus in local human activities from ~1,970 to 1,850 cal yr BP
indicated by all of my independent proxy records and I use these dates to define the end
of agricultural phase IIA and the start of phase IIB. The timing of the initial
settlement/agricultural phase in our records from Lilandsvatnet is similar to results from a
peat-core study from Rystad, located adjacent to the shore of Lilandsvatnet. In that study,
pollen amounts of Poaceae (Gramineae) and Betula pubescens were used to constrain
this first agricultural period to 2,310–1880 cal yr BP and the start of a second agricultural
phase to ~1580 cal yr BP (Vorren et al., 2012). In this study, the hiatus in agricultural
activities is characterized by low concentrations of livestock fecal sterols and total
pyrolytic PAHs, while terrestrial plant leaf wax records show a relatively stable terrestrial
vegetation composition. Human sterols drop significantly at the beginning of this period,
but are present in elevated concentrations from 1850 cal yr BP until the beginning of
Phase IIB, where they once again increase substantially. This suggests that the area might
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have been temporarily abandoned from ~2,000 to 1,875 cal yr BP, and repopulated to
some degree by 1,850 cal yr BP; however, a reliance on agricultural production as the
main source of sustenance did not begin again until ~1,750 cal yr BP. Archaeological
studies from the area of Borg also support this interpretation, showing evidence that the
locations of these first established permanent farmsteads were abandoned and later reestablished between ~2040 and 1650 cal yr BP (Munch et al., 2003).

Phase IIB – 1850-105 cal yr BP - Second Agricultural Period
The second agricultural phase at Lilandsvatnet (IIB) is dated to 1,850 cal yr BP,
which is similar to the archaeologically expected date of about 1650–1550 cal yr BP
(Sjøvold,1962, 1974) as well as the ages determined by pollen diagram from the Rystad
farm center (Vorren et al., 2012). However, the human fecal sterol record presented by
this study argues that, while agricultural activities may not have resumed until that date,
humans began to occupy the farmsteads ~200 years earlier. Human and livestock fecal
sterol concentrations increase steadily during the beginning of this period, both reaching
their maximum concentrations at 1,440 cal yr BP. Between 1,440 and 1,300 cal yr BP
fecal sterol and total pyrolytic PAH concentrations decline moderately, indicating a small
decline in human and livestock populations and land-clearance practices. These trends
are corroborated by the record of terrestrial plant leaf waxes, which indicate a period of
slight reforestation ~ 50 years after this decline. This ~50 year period is in agreement
with the estimated time it takes for the vegetation to respond to decreased anthropogenic
forcings (cf. Davis and Botkin, 1985). Almost immediately following this period there is
a much more pronounced drop in fecal sterol and total pyrolytic PAH concentrations,
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spanning a ~100-200 year period from 1,200 -1,000 cal yr BP. Similarly, towards the end
of this period there is evidence for another slight reforestation event. An analogous event
in our records also occurs from 730- 550 cal yr BP, where there is, once again, a sharp
decrease in human fecal sterol and total pyrolytic PAH concentrations, followed by a
brief period of reforestation at 550 cal yr BP. Pollen records from the Rystad farm center
also show an increase of birch forest at ~995 and 610 cal yr BP. These events have been
interpreted as periods of forest regeneration, most likely related to the demographic crises
caused by the so-called unification of the Norwegian realm (and exodus to Iceland)
c.1,080–1,020 cal yr BP, and the “Black Plague” c.600 cal yr BP (Vorren, 2005; Vorren
et al., 1999, 2012). This first agricultural crisis has also been recorded at the neighboring
farm Bøstad (Vorren, 1979; Vorren et al., 2012) and has been historically documented in
Landnámabók suggesting that one of the chieftains left his farm at Vestvågøy and settled
in Iceland during this time (Nielssen 1995). The later crisis has also been historically
confirmed through the abandonment of more than 80% of the farms of Vestvågøy during
the plague (Nielssen, 1977; Vorren et al., 2012). These historic events are also in line
with the timing of our two later periods of agricultural decline, and are suitable
explanations for the sources of these events in our records. The most recent portions of
our records, from 550 to 100 cal yr BP, are characterized by a decline in human and
livestock fecal sterol concentrations as well as a strong decline in tree cover. Terrestrial
plant leaf wax records indicate that this period had the highest relative amount of
grassland cover over the entire 7,300 year history. Also, total pyrolytic PAH
concentrations increase dramatically over this period to their maximum concentrations
over the entire time-span covered by our sedimentary record. This is most likely a signal
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of the well-known period of widespread climatic deterioration, known as the Little Ice
Age (LIA). The LIA period would have caused a decline in human and livestock
populations and an associated decline in agricultural practices, while colder temperatures
would have demanded increased cutting and combustion of local vegetation , including
peat, as a source of heat during this cold period.

Conclusions

Disentangling the effects of climate change and anthropogenic activities on the
environment is incontrovertibly a major challenge facing paleoenvironmental research.
Common proxies of human impacts are pollen, sediment accumulation rates (SAR),
macroscopic charcoal (black carbon), and magnetic susceptibility. While these different
approaches to reconstructing and understanding human impacts on local environments
have provided important information for past paleo-reconstructions, each has significant
limitations. These limitations highlight the fact that further development and refinement
of direct and unambiguous records of human activity, ecology and archaeology, is a
crucial aspect for the future of environmental change research. For more accurate
paleoenvironmental reconstruction, human impact must be considered.
The results of this study verify that the molecular markers presented here can be
directly linked to human populations and agricultural activities. The long-term
quantitative record of human fecal stanols (coprostanol and epi-coprostanol) and fecal
stanols from domesticated sheep and cattle (campestanol and epi-campestanol) reveals
high resolution evidence for the beginning of human occupancy and the onset of
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agricultural practices, as well as human and livestock population dynamics in response to
climatic, environmental, social, political, and demographic pressures. Complementing
these indicators with molecular markers for reconstructing the burning of catchment
vegetation during land-clearance, and land-management practices (pyrolytic PAHs) and
changes in the overall composition of the surrounding vegetation (n-alkanes) allowed me
to asses the rate and scale of vegetation changes occurring as a result of the overall
human disturbances.
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Table 2.1. Radiocarbon dates used for constructing Age-Depth models for cores LILC09
LILA09. Terrestrial plant remains from 5 selected samples were picked out, cleaned, and
freeze-dried before being sent for AMS radiocarbon dating at University of California
Irvine - Keck AMS Radiocarbon Laboratory and the National Ocean Sciences
Accelerator Mass Spectrometry facility. Calibration of the radiocarbon dates was done
using Calib v.6.1 (Stuiver & Riemer 1993; 2011) using the IntCal09 calibration curve
(Reimer et al. 2009).
Composite
Sample
Depth (cm)

Laboratory
ID

14C Age
(yr BP)

21-22

UCI-89387

1610 ±20

40-41

UCI-89388

2180 ±25

66-67

OS-78337

2570+30

125-126

OS-78338

4190+30

221-222

OS-78339

6200+35

95.4 % (2σ) age
ranges (Cal yr
BP)

1419-1465
1489-1500
1508-1540
2146-2160
2169-2178
2245-2301
2539-2591
2615-2636
2697-2787
4658-4667
4707-4756
4811-4828
7023-7119
7153-7165
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Mean Weighted
Average Age
(Cal yr BP)

AD/BC

1476

474
A.D.

2225

275
B.C

2732

782
B.C

4848

2898
B.C

7084

5134
B.C

Figure 2.1. Map of study site location of lake Lilandsvatnet, on the island of Vestvagoy,
in the Lofoten Islands, NW Norway. The approximate location of Lilandsvatnet is
indicated by the yellow square (upper left hand corner).
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Figure 2.2. . Map of Lake Lilandsvatnet and its catchment area. The approximate
location of know prehistoric farms are indicated by the yellow circles and the location of
the major Viking Chieftain at Borg is indicated by the red circle.
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Figure 2.3. (Top) Bathymetric map of Lilandsvatnet showing the approximate location
where cores were recovered (green lines) and (Bottom)sub-bottom profiles across the
coring location (transects made approximately where green lines are).

57

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300

Figure 2.4. Magnetic susceptibility profiles for sediment cores (LILA09 blue line,
LILB09 red line and LILC09 green line). Initially used to place cores on the same
composite depth scale.
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Figure 2.5 Age Depth Models for LILA09 (Bottom Left) and LILC09 (Top Right)
generated using the clam code (Blaauw, 2010) for the open-source statistical software
“R” (R Development Core Team, 2010) (cf. Arnes et al., 2012). Radio carbon dates are
represented by the green diamonds and the error bars are the 2-sigma ranges. Tephra ages
used in the age-depth model are represented by blue diamonds and tephras not used in the
age-depth model are represented by yellow circles. The Solid black line is the best fit
smooth spline generate by the age-depth model, the red dashed lines above and below the
best fit are the 95% min and max confidence interval ages, respectively.
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Figure 2.6. Results from all molecular marker proxy records used in this study indicate
two distinct phases in the sediment core. Phase I (7,300 cal. yr BP to 2,300 cal. yr BP)
defines the pre-settlement period and is characterized by negligible human activity within
the catchment area of Lilandsvatnet (Bottom). Phase II is defined by distinct changes
from the background state of all proxy records, showing significant human activity in the
area beginning at 2,300 cal. yrs BP and continuing to the modern era (Top).
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Figure 2.7. Phase I (7,300 cal. yr BP to 2,300 cal. yr BP) defines the pre-settlement
period and is characterized by negligible human activity within the catchment area of
Lilandsvatnet (Blue Box). Phase II is defined by distinct changes from the background
state of all proxy records, beginning at 2,300 cal. yr BP and continuing to the modern era
(Yellow Box).
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Figure 2.8. Phase II is defined by distinct changes from the background state of all proxy
records, showing significant human activity in the area beginning at ~2,300 cal. yrs BP
and continuing to the modern era. The black boxes at the top show the two phases of
early agriculture during the initial settlement period. The red bars show periods of
declined human activity, associated with the first agricultural hiatus (c. 2,015-1,875 cal.
yr BP), the “Migration Period” (c. 1,100 cal. yr BP) and the “Black Plague” (c. 650 cal.
yr BP), and the blue box shows the evidence for a Little Ice Age (LIA) signal in the
records. Green arrows show brief periods of forest regeneration lagging declined
agricultural activity by ~50 years.
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CHAPTER 3

A LATE HOLOCENE CRYPTO-TEPHRA RECORD FROM THE LOFOTEN
ISLANDS, ARCTIC NORWAY

Abstract

A tephrochronology has been established for a 45-cm sediment core taken from
Lake Lilandsvatnet, on the island of Vestvagoy, in the Lofoten Islands, NW Norway.
This chronology was developed from two radiocarbon dates, and five distinct
cryptotephra populations: indicating that this record spans from ~100-2350 cal yr BP.
The strength of this chronology and the relatively high sedimentation rates in
Lilandsvatnet will allow a high-resolution reconstruction of late Holocene environmental
change to be produced from this sediment core. Samples taken at consecutive 1-cm depth
intervals were processed using conventional acid-digestion heavy liquid separation
techniques. Samples were mounted on glass microscope slides using epoxy resin and the
tephra particles were counted using a polarizing light microscope. Sample intervals were
selected from the tephra-count record for EPMA geochemical analyses where there
seemed to be a clear peak of tephra, and grain size and morphology were suitable for the
microprobe. Based on this criteria, seven samples were selected for further microprobe
analyses, these samples were from depth intervals of; 0-1cm, 6-7cm, 8-9cm, 18-19cm,
23-24cm, 26-27cm, and 34-35cm. Maximum tephra grain counts for the selected sample
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depths ranged from 2390 to 135 grains. Major element geochemistry for selected samples
were analyzed with a Cameca SX50 electron microprobe at Umass Amherst’s
SEM/EPMA lab, using wavelength dispersal spectrometry with an accelerating voltage of
15 keV, a beam current of 10 nA, and beam size of 7-10 µm. Geochemical results were
then compared to historically and radiocarbon dated tephras found in other regions of the
North Atlantic using the Tephrabase database (http://www.tephrabase.org) and
cryptotephra populations have been identified as; Askja-1875, Hekla-1158, Hekla-1104,
OWB-105, BIP-24A, 860 AD tephra (B), Sn-1 (eruption of Snaefullljokulp), and QUB565. An unidentifiable tephra population at 24cm was dated by extrapolation of the agedepth model to 1650+73 cal yr BP, and may provide a useful chronological marker for
future studies in this area.

Introduction

A particular challenge facing paleoenvironmental reconstructions is the relative
scarcity of continuous and dateable records that span the entire Holocene period. Precise
and accurate chronological controls are fundamental in these investigations especially
when trying to resolve short-term palaeoclimatic events. Holocene lake sediments have
often be dated through measurements of the 14C content of terrestrial macrofossils;
however, carbon dating techniques have several drawbacks that hamper the accuracy and
limit the availability of this chronological device. Macrofossils are often unavailable for
carbon dating, and 14C dating of bulk organic material has unknown limnic reservoir
effects that can seriously hamper the accuracy. Even when suitable organic material is
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available, the general precision of the age estimates is often insufficient for resolving
centennial and decadal scale variations. This is particularly true for 14C dates occuring in
periods where there are plateaus in the Holocene radiocarbon calibration curve.
Conversely, sedimentary archives in a number of locations contain tephra deposits, and
the isolation and analysis of these tephra provides the means for constructing reliable
chronologies where other dating methods are inadequate. Tephra can be a highly
accurate dating method, especially when the tephra deposits are from historically
documented volcanic eruptions or have been assigned extremely precise ages by well
dated records containing these horizons. Ultimately, these tephra layers can be used as
time-synchronous markers, allowing a variety of geologic archives containing tephra
from the same eruption to be accurately correlated across a broad spatial and temporal
range.
Tephra from Icelandic eruptions are being identified in increasingly distal
locations. Recently, these deposits have been identified in sedimentary archives
throughout the northern North Atlantic region (i.e. Dugmore et al., 1995; Turney et al.,
1997; Wastegaurd, 2002; Jennings et al., 2002, 2005; Pilcher et al., 2005; Balascio, 2011;
Balascio et al., 2011). However, these increasingly distal deposits are not visually
identifiable, occurring as discrete cryptotephra horizons characterized by extremely small
concentrations of tephra grains less than 100µm in diameter (Lowe & Hunt, 2001). The
wide distribution of Icelandic tephra-markers across the North Atlantic region and their
occurrence in marine, terrestrial as well as glacial (ice cores) records presents a powerful
tool for Holocene correlation. The geochemistry of tephras from the Icelandic volcanic
systems have been extensively researched and often exhibit distinct geochemical “finger-
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prints”, allowing volcanic sources and eruptions to be identified. Additionally,
geochemical data for numerous Icelandic tephras are readily available through databases
such as Tephrabase (www.tephrabase.com) facilitating more accurate identification to be
made with a higher degree of efficiency.
Several studies have now been able to use Holocene tephra deposits in Lofoten to
develop robust chronologies (Pilcher et al., 2005; Balascio, 2011; Balascio et al., 2011),
providing the framework necessary for future studies to reliably use tephrochronology in
the area. During the 2009 field season in Lofoten, a team of researchers from the
University of Massachusetts Amherst extracted a 45 cm surface core from Lake
Lilandsvatnet (68°14.00’N, 13°47.60’E) in the area of Borg (Balascio, 2011). The core
was stored in a cold room, and remained intact until the summer of 2010, when I began
working on it. The core was split, and one half was used in this study to isolate
cryptotephra with the goal of developing a strong chronology that would enable me to
constrain the timing of early human activities adjacent to Lilandsvatnet from the
remaining half of the sediment. Results from the tephra analyses form the basis for this
study and are presented in detail within the following sections of this text.

Methods

Using conventional acid-digestion heavy-liquid separation techniques, forty-five
continuous 1-cm samples from the Lilandsvatnet surface-core were processed for
cryptotephra. Sediment samples were acidified using concentrated nitric acid, removing
any organic matter in the samples (Pilcher et al., 1996). Samples were then centrifuged
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and supertnatant acid was decanted. Deionized water was added to each sample, and
samples were centrifuged and the supernatant liquid was decanted. This was repeated in
triplicate, or until the supernatant showed no sign of impurity. Clean, acidified-samples
were rinsed with deionized water over a 20µm sieve, removing all fine-grained
particulate matter. A sodium-polytungstate liquid was prepared to a density of 2.3g/cm3
and an aliquot (~15mL) of the heavy liquid solution was added to each sample.
Following centrifugation, supernatant material was removed by either pipette or by
decanting. This step was completed in triplicate, removing any material with a lower
density than the tephra grains. A sodium-polytungstate solution was prepared to a density
of 2.5g/cm3 and added to the remaining material of each sample. Samples were once
again centrifuged. However, in this step the supernatant liquid contained material with
the same density as tephra. As such, the supernatant material was transferred to a separate
container using a clean pipette for each sample (Turney, 1998). Again, this procedural
step was completed in triplicate.
Following the acid-digestion heavy-liquid separation procedure, samples were
mounted on glass slides using EPOthin epoxy resin. Slides were scanned using a Planepolarised light microscope at a total magnification of 100 – 400X. The polarized light
allowed tephra to be differentiated from the remaining minerogenic material (Hall &
Pilcher 2002). Based on a grain’s isotropism, shape, vesicularity, and color. Individual
grains were counted by making transects over the entire slide. Sample intervals were
selected from this record for EPMA geochemical analyses where there seemed to be a
clear peak of tephra. Based on this criteria, seven samples were selected for further
microprobe analyses, these samples were from depth intervals of; 0-1cm, 6-7cm, 8-9cm,
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18-19cm, 23-24cm, 26-27cm, and 34-35cm. Major element geochemistry for each
horizon were determined by electron microprobe analyses using a Cameca SX50 electron
microprobe at Umass Amherst’s SEM/EPMA lab, using wavelength dispersal
spectrometry with an accelerating voltage of 15 keV, a beam current of 10 nA, and beam
size of 7-10 to achieve higher counts for lower times, thereby minimizing alkali
migration and loss of lighter elements. Instrument calibration was performed using a
series of silicate minerals, synthetic oxides and glass standards. Samples yielding totals of
less than 95% have been omitted (Hunt and Hill, 1993). Comparison of the majorelement tephra geochemistry from each sample was examined through bivariate plots to
identify coherent geochemical populations. These distinct populations were then
compared with known tephras deposited in the North Atlantic region using bivariate plots
of previously their published geochemistries.

Results

The tephrostratigraphic record produced from the Lilandsvatnet sediment samples
is shown in Figure 3.2. Tephra grain counts for the record were made using a polarized
light microscope. Ages for identified tephras are represented next to the peak they were
identified within and approximate ages for unidentified tephras are given based on
interpolation between dated layers.
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Tephra analyses
The depths given in the descriptions below are for the lake sediment intervals
analyzed for major element geochemistry using an electron microprobe. The major
element geochemistries for each respective depth are given in Table 3.1 along with
previously published geochemistry for the tephras they were compared against.

0-1cm. - Askja, AD 1875
This sample contained four populations of tephra with distinct geochemical
compositions (Figure 3.3). Group 3 appears to be the same as the Askja AD 1875 tephra
that has been found throughout Sweden (e.g. Oldfield et al. 1997; Boygle, 2004; Davies
et al., 2007) and in peat and lake sediment records from Lofoten (Pilcher et al., 2005;
Balascio, 2011). These tephra (group 3) can be confidently identified as the Askja AD
1875 tephra because of its distinguishing concentrations of MgO and TiO2 (Larsen et al.,
1999). Group 2 is the most abundant population at this depth but I have not been able to
identify this group with any known eruption. Group 2 exhibits geochemistry that is very
distinct from the other populations at this depth, with characteristically low Si content
~65.9%, and relatively high Fe content ~ 5.3%. Groups 1 & 4 have limited geochemical
data, with only three grains from each having been analyzed. Neither of these tephra
populations resembles known eruptions for this time.

6-7cm – Hekla, AD 1158
This depth interval contained the highest number of tephra grains, with 2,390
grains identified by microscopy (Figure 3.3). Out of the 37 grains analyzed under the
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microprobe at this depth, 32 tephra grains (group 1) are identified as the 1158 AD
eruption of Hekla and the remaining 5 grains (group 2) could not be positively correlated
with any known eruptions. Group 1 has very tightly constrained analyses that are
unmistakably characteristic of the well studied 1158 AD eruption (Figure. This was the
second historic eruption of Hekla, starting in January of 1158 (Thorarinsson, 1967).
Tephra from this eruption was dispersed throughout Europe, and has been found as a
prominent tephra layer in several studies from the Lofoten Islands (Pilcher et al, 2005;
Balascio et al., 2011). The tephra has a distinct pale-brown/pink color and grains have
numerous large vesicles that are well established distinguishing features for this eruption
(Pilcher et al., 2005). Group 2 was distinguished from the Hekla 1158 population by
characteristically lower Fe concentrations ~4.3% and slightly higher Ca concentrations
~3.8%. However, the geochemistries of these two groups are not all that dissimilar, and
they may in fact belong to the same population.

8-9cm. – Hekla AD 1104 + Hekla AD 1158
This depth interval contained the second highest concentration of tephra, with
1,337 grains identified by microscopy (Figure 3.2). Microprobe analyses from this depth
were conducted on 26 grains, of which 21 grains (group 1) belonged to the AD 1104
eruption of Hekla, while the remaining 5 grains (group 2) were from the later AD 1158
Hekla eruption (Figure 3.3). The AD 1104 event was the largest eruption of Hekla in
historic times, and the 2.5km3 of tephra it produced (Thorarinsson, 1967) make it a very
prominent tephra in many North Atlantic records. However, it seems that a relatively
smaller volume of this eruption was deposited in Lilandsvatnet compared to the later AD
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1158 eruption. The AD 1104 tephra has been found at a number of sites throughout
Ireland, the Faroe Islands (Wastegard et al. 2001), and several sites in Lofoten (Pilcher et
al., 2005: Balascio et al., 2011). Its ubiquitous presence in this area, high concentrations,
and historically dated age make it a powerful isochron that provides a suitable
mechanism for correlating records from a wide range of Northern Hemisphere locations.

18-19cm. - BIP-24A (c.AD 900), AD860 Tephra B (c.AD 860), OWB-105 (c.AD 700)
The sample at this depth contains tephra with three distinct geochemical
populations (Figure 3.4). with 4 grains from group 1, 7 grains from group 2, and 6 grains
from group 3. Group 1 resembles the widespread tephra known as the “AD 860 Tephra
B”. The AD 860B tephra was originally identified as a distal deposit in Northern Ireland
(Pilcher et al., 1995). It occurred as two distinct populations, Layer A and B, and the age
(AD 860 ± 20) was derived from radiocarbon wiggle matching techniques (Pilcher et al.,
1995). This tephra was later correlated to deposits found in Iceland (Wastegård et al.,
2003), and the Layer B has also been found in northern Germany (van den Bogaard and
Schmincke, 2002), in sediments from Inner Borgpollen (Pilcher et al., 2005) and around
its shore in cultural deposits from a Viking age boathouse (Balascio et al., 2011). This
tephra (group 1) is distinguished from other populations at this depth by its slightly
higher CaO (wt%).Group 3 consists of six grains having very similar geochemical
compositions to the BIP-24A tephra, previously identified around Lofoten in both peat
and lake sediment cores (Pilcher at al., 2005; Balascio et al., 2011). The age of this
eruption was estimated to be c.AD 900 from radio carbon dating (Pilcher et al., 2005).
Seven of the grains analyzed at this depth (group 2) show compositions that are
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extremely similar to the OWB-105 tephra, which was previously identified in Ireland
(Pilcher et al. 1995) and tentatively in Lofoten (Pilcher et al., 2005). The age of this
tephra layer has been estimated by extrapolation to c.AD 700 (Pilcher et al., 1995, 2005).
It is important to note that, for several reasons, these tephras can not be used as
reliable chronological markers in this record. Assuming that this depth represents the
original stratigraphic position of these tephra at the time of their deposition, the age-range
they provide would indicate a sediment accumulation rate of 200years/cm. This rate is
not supported by the accumulation rate developed from the age-depth model (Figure 3.7)
which gives an accumulation rate of 43years/cm. The stratigraphic integrity at this depth
could have been compromised by post-depositional processes causing vertical migration
of the tephras to different stratigraphic positions. However, because this depth contains
tephra from three distinct populations it is more reasonable to assume that this
uncertainty is because the peak in tephra concentrations that was used to identify this
depth for EMPA was an artifact of overlapping eruption deposits and does not represent
the true stratigraphic position of theses tephras.

23-24cm. – unknown tephra, 1,650+73 cal yr BP
A single tephra population was found at this depth, which has not been identified
at this time, as no tephras from this age-range and composition have been found in the
North Atlantic. This tephra population does not resembled the QUB-567 tephra (400-500
c. AD) identified by a previous tephrochronological study on Vestvagoy (Pilcher et al.,
2005). The major element geochemistry for this tephra population is characterized by
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widely distributed SiO2 values between 64 and 70.3 (wt%), and an average FeO
concentration of 4.08+0.24 (wt%), which clearly distinguish this population from the
QUB-567 tephra (400-500 c. AD), which has slightly higher SiO2 (71.15+0.69) and
distinctly lower FeO (2.02+0.04) (Pilcher et al., 2005).

26-27cm. – Snæfellsjökull-1(SN-1), c. 1750 cal yr BP
Two groups of tephra were identified at this depth. Group 1 contains only three
tephra which were not identifiable. The majority of tephra form a group of thirteen very
tightly distributed geochemical compositions that are almost identical to the Sn-1 tephra
from the Snæfellsjökull central volcano (Larsen et al., 2002). Larsen et al. (2002) dated
this tephra to 1775+45 cal yr BP, and original age estimates based on radiocarbon dating
of the peat it was found in yielded an age of 1690+170 cal yr BP (Steinthorsson, 1967).
Both of these ages strongly agree with the age approximation of 1766+75 cal yr BP given
by our age-depth model for this depth

34-35cm. - “QUB-565, 80-81cm” (c.100BC)
A single population from the analysis of 25 tephra grains is found at this depth
and has very tightly distributed geochemical compositions. This tephra population was
originally identified as the SN-1 eruption that was also found at 26-27cm depth interval
of this core, but the age of this tephra does not match the age-depth model for this 3435cm interval. Upon closer examination it is clear that this group has a higher degree of
similarity to the tephra known as the QUB-565 tephra, found in a peat core at the
neighboring lake, Borge (Pilcher et al., 2005). Furthermore, the age of this tephra had
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been loosely defined by extrapolation to c.2050-2450 cal yr BP, which is in much better
agreement with the age-depth model for this core, as extrapolation of the chronology
would date this tephra to 2050+76 cal yr BP. The geochemical compositions of both the
tephra found in this sample (LILC-27) and the QUB-565 tephra are extremely similar to
the SN-1 tephra, but are distinguishable from SN-1 by their notably lower Al2O3
concentrations and slightly lower CaO and K2O concentrations (Figure 3.5).

Lilandsvatnet Tephrochronology

Chronology for the 45cm-surface-core record was developed from two AMS
radiocarbon measurements and five identifiable tephra populations; indicating that the
45cm-sediment core record extends from c.105-2380 cal yr BP. The two carbon dates
were made on macrofossils extracted from the core at depths of 21cm and 41cm.
Geochemical results were then compared to samples of known age found in other regions
of the North Atlantic using the Tephrabase database (http://www.tephrabase.org). These
comparisons have identified them as; Askja-1875, Hekla-1158, Hekla-1104, OWB-105,
Borge Inderpollen 24cm (BIP-24a), “860 AD tephra (B)”, SN-1 and Borge QUB-565 (see
Table 3.1 for detailed major oxide geochemistry for all tephras analyzed). Identified
tephras were used conservatively in our chronology, and only three of the more
established and historically dated tephras (Askja-1875, Hekla-1158, Hekla-1104) were
used in constructing the age-depth model. All radiocarbon ages were calibrated to
calendar years using Calib v.6.1 (Stuiver & Reimer, 1993, 2011) using the IntCal09 data
set (Reimer et al., 2009), and calibrated ages used are the Weighted sum-mean-average of
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the 2σ ranges (Table 3.2). Radiocarbon and tephra dates are reported here as calendar
years prior to 1950 AD (cal yr BP). The chronology for this core was constructed by
fitting a smoothed spline to the age-depth data using the clam code (Blaauw, 2010) for
the open-source statistical software “R” (R Development Core Team, 2010) (cf. Arnes et
al., 2012). This software generates probability distributions from the age-depth data and
calculates the “best-fit” smooth-spline curve as the weighted average of 1,000 iterations.
The 95% confidence intervals are calculated by the software as the 2σ range of the mean
of the iterations, and represent the minimum and maximum ages at each depth. The three
tephra populations (at 19 cm depth) were identified as known eruptions, however do not
fit the age-depth model, and for reasons discussed above are considered improbably
recent for that depth and were excluded from the age model. Tephras from the 35-36cm
depth (SN-1 and QUB-565) are not well documented and have large uncertainties in their
age estimates. However, these age estimates from previous studies confirm the trends in
the chronology. The Sn-1 tephra had previously been assigned an age range of
c.1775+45cal yr BP (Larsen et al., 2002) and this age is in accordance with our age depth
model which gives an extrapolated date of 1766+75 cal yr BP. The QUB-565 date
estimates are very poorly constrained but were assigned a very broad age range of
c.2050-2450 cal yr BP (Pilcher et al., 2005). The lower end of this range (c.2050 cal yr
BP) seems to be more appropriate as our age-depth model would assign a date of
2050+76 cal yr BP to this depth interval.
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Table 3.1 Microprobe determined major element chemistry of tephras from Lake
Lilandsvatnet, Lofoten Islands. Results are presented as oxides by stoichiometry and are
not normalized. Totals below 95% are not reported.
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Table 3.2 Radiocarbon dates from LILC09. Samples were picked from the core surface,
cleaned, and freeze-dried in glass vials. The samples were analyzed at the University of
California Irvine Keck-AMS Radiocarbon Laboratory. All radiocarbon ages were
calibrated to calendar years using CALIB v. 6.1 (Stuiver & Reimer 1993, 2011) with the
IntCal09 calibration dataset (Reimer et al. 2009).
Composite
Sample
Depth (cm)

Laboratory
ID

14C Age
(yr BP)

21-22

UCI-89387

1610 ±20

40-41

UCI-89388

2180 ±25

95.4 % (2s) age
ranges (Cal yr
BP)
1419-1465
1489-1500
1508-1540
2146-2160
2169-2178
2245-2301
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Mean Weighted
Average Age
(Cal yr BP)

AD/BC

1476

474
A.D.

2225

275 B.C

Figure 3.1: Map of study site location on the island of Vestvagoy, in the Lofoten Islands,
NW Norway. The approximate location of Lake Lilandsvatnet is indicated by the reddashed box (upper left hand corner).

85

2600
2400
2200
Hekla 1158

2000

Tephra grain counts

1800
1600
1400

Hekla 1104

1200
QUB-565
(Pilcher et al. 2005)

1000
800

Askja 1875

Mixed Peak
OWB-105
900 BIP 24a
860-b

600

SN-1

400
200
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

0
Depth (cm.)

Figure 3.2. Tephro-stratigraphic record show the grain counts made for each 1-cm depth
interval under a microscope. Identified peaks are labeled with the name of the eruption
they were identified as along with the age ranges they have been assigned.
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Figure 3.3. Comparison of the geochemical compositions of tephra isolated from
Lilandsvatnet core LILC09 samples LIL-1C, LIL-7A and LIL-9A to tephra from
Icelandic eruptions, including: Askja 1875 (Oldfield et al., 1997: Larsen et al., 1999),
Hekla AD 1104 (Hall and Pilcher, 2002; Larsen et al.1999; Pilcher et al., 1995, 1996),
and Hekla AD 1158 (Hall and Pilcher, 2002; Larsen et al., 1999). Tephra shards isolated
from LIL-1C resemble Askja 1875, tephra from LIL-7A match Hekla AD 1158 eruption
and the tephra shards isolated from LIL-9A resemble Hekla AD 1104.

87

Figure 3.4. Comparison of the geochemical compositions of tephra isolated from
Lilandsvatnet core LILC09 at the18-19cm depth interval (LIL-19A, LIL-19B and LIL19C) to tephra from Icelandic eruptions, including: BIP-24A c.900AD (Pilcher et al.,
2005), OWB-105 c.700AD (Hall and Pilcher, 2002) and the 860 Tephra (B) c.860+20AD
(Hall and Pilcher, 2002; Pilcher et al., 1995; Swindles, 2006. The group of tephra making
up LIL-19A resemble the 860AD Tephra (B), tephra from LIL-19B match the OWB-105
tephra eruption and LIL-19C resemble BIP-24A.
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Figure 3.5. Comparison of the geochemical compositions of tephra isolated from
Lilandsvatnet core LILC09 at 27cm and 35cm depth intervals (LIL-27B, LIL-35A) to
tephra from Icelandic eruptions, including: SN-1 eruption of Snaefullljokulp c.1780+35
cal. yrs. BP (Larsen et al., 2002) and QUB 565 c.2050 cal yr BP (Pilcher et al., 2005)
Tephra shards making up LIL-27B resemble the Sn-1 tephra, while tephra LIL-35A show
a higher degree of similarity to the QUB-565 tephra. The populations are very similar,
and the two require carefully inspection in order to distinguish them from each other.
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Figure 3.6. Age Depth Model for LILC09 generated using the clam code (Blaauw, 2010)
for the open-source statistical software “R” (R Development Core Team, 2010) (cf. Arnes
et al., 2012). Radio carbon dates are represented by the green diamonds and the error bars
are the 2-sigma ranges. Tephra ages used in the age-depth model are represented by blue
diamonds and tephras not used in the age-depth model are represented by yellow circles.
The tephro-stratigraphic record (right) show the peaks corresponding to the respective
tephra markers (gray boxes). The Solid black line is the best fit smooth-spline generated
by the age-depth model, the red dashed lines above and below the best-fit line are the
95% min and max confidence interval ages, respectively.
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CHAPTER 4

LOCATING CRYPTOTEPHRA HORIZONS IN LAKE SEDIMENTS USING
FLUID IMAGING TECHNOLOGY

Abstract

I investigated the utility of fluid imaging as an innovative approach to the
identification and quantification of cryptotephra horizons in sedimentary archives. I used
a continuous imaging flow cytometer (Benchtop FlowCAM® from Fluid Imaging
Technologies) that rapidly photographs particles flowing in suspension past a microscope
lens and performs automated analysis of those particle images. This instrument has
primarily had biological applications, although the potential sedimentological
applications are numerous. Here I tested the ability of the instrument to image
microscopic tephra shards and explored its possible utility in screening sediment samples
for the presence of cryptotephra. First, samples of pure tephra shards (<53 μm) were
analyzed with the FlowCAM. Visual inspection of particle images demonstrated the
ability of the instrument to clearly photograph the microscopic glass shards and the best
images were used to create a tephra particle image library. Lake sediment samples with
known concentrations of tephra were then analyzed. The library of tephra images was
used to perform advanced pattern recognition calculations on these samples’ image files,
automatically distinguishing tephra-like images from other particles in the lake sediment
samples. The number of tephra shards identified by the FlowCAM’s image analysis
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software was recorded. After samples were analyzed on the FlowCAM, they were
collected and manual counting of tephra particles was performed using a polarizing light
microscope. By comparing the number of tephra grains imaged for each sample using the
FlowCAM with the concentrations determined by microscope counts, I demonstrate that
this rapid image-based approach to identifying cryptotephra horizons is capable of
accurately determining the relative concentrations of tephra in a given sediment sample.

Introduction

A challenge facing paleoenvironmental reconstructions is the relative scarcity of
well-dated records. High resolution reconstructions require precise and accurate
chronological control, which is often unachievable using only 14C chronologies due to a
lack of dateable material and plateaus in the calibration curve. Tephrochronology offers
an alternative approach to resolve the complexity of past changes, by providing a set of
chronostratigraphic markers, many of which are of known age. The isolation and
analysis of tephra horizons found within various sedimentary records provides the means
for correlating various records across a broad spatio-temporal scale.
Applications of tephrochronology have expanded with the use of distal
cryptotephra deposits, which are not visually identifiable in sedimentary profiles.
Cryptotephra horizons are characterized by extremely small concentrations of tephra
grains less than 100µm in diameter. While methodological improvements have made
possible the detection and isolation of increasingly small concentrations of cryptotephra
particles, these techniques are destructive and labor intensive.
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Several alternative methods, both non-destructive and destructive have been
explored in an attempt to provide a more rapid method for identifying cryptotephra
content in sediment cores. Non-destructive approaches have been investigated using:
magnetic susceptibility (Calanchi et al. 1998; Carter et al. 2002), X-ray radiography
(Dugmore and Newton 1992), XRF core scanning (Kido et al. 2006; De Vleeschouwer et
al. 2008; Balascio 2012), XRD scanning (Andrews et al. 2006) and reflectance and
luminescence (Carter and Manighetti 2006). These techniques all have a similar strategy
involving, scanning sediment cores using various sensors, and then picking out
compositional contrasts between tephra deposits and the background sediment. Although
these present rapid and non-destructive methods for identifying target zones (reducing the
number of samples requiring further processing with extraction-microscopy procedures),
they have proven unsuitable for detecting very low concentrations of cryptotephra
(Gehrels et al. 2008).
Here I investigate a new method for identifying and quantifying cryptotephra
horizons using fluid imaging. I test the ability of a FlowCAM® from Fluid Imaging
Technologies to image small tephra particles and to accurately quantify their
concentration in lake sediment samples. This approach is a new, potentially nondestructive, tool for screening sediment samples for the relative concentrations of cryptotephra shards.

Fluid imaging
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The FlowCAM combines the capabilities of flow cytometry, microscopy, particle
image analysis, and image recognition software (Sieracki et al. 1998 Sterling et al. 2004;
Tauxe et al. 2006). These instruments have been primarily used for biologic applications
(Sieracki et al. 1998; Buskey and Hyatt 2006; Ide et al. 2008; Barofsky et al. 2010;
Alvarez et al. 2011). However, in this study I was able to process sediment samples for
cryptotephra applications. Sediment was suspended in a viscous heavy-liquid (PVP) and
transferred to the FlowCAM by pipette to the top of the flow-cell apparatus. A peristaltic
pump pulls the sample through the flow cell, where a digital image of each grain in the
sample is acquired as they flow past a microscope lens. Images of individual grains are
automatically isolated from the background and characterized by 26 different
measurements of their physical properties, including: area-based spherical diameter
(ABD), equivalent spherical diameter (ESD), circularity, elongation, roughness,
transparency, edge gradient, and aspect ratio.
Following a sample run, the saved images and their associated properties can be
recalled using the VisualSpreadsheetTM software. The VisualSpreadsheet software allows
for the user to define ranges of each property in order to isolate particles with specific
characteristics. The software also allows the user to build libraries of reference images so
that particles with specific attributes similar to those in the library can be isolated from all
other particles. This library-based statistical filter assigns a score to each particle from the
library file based on their measured characteristics. For each library, the statistics
generate a “normalized” point in a multidimensional space representing the “ideal” target
particle. After running a sample, each particle image has its own normalized point plotted
in the same multidimensional space, and by comparison with the library sets target point,
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the similarity of each sample particle image to those in the library is determined (Brown
2008). These images are “highlighted” with a red box, whereas all other images are not.
Subsequent visual inspection of these results can be performed quickly by viewing the
images of these particles. This process of identifying particles with specific
characteristics duplicates standard microscopy techniques without the need for a human
operator, allowing for much larger quantities of sample to be processed in significantly
less time. The same libraries can be applied to any new sample that needs to be analyzed.
This means that the same statistical comparison is being made for each analysis, so that
the results are statistically normalized for comparison purposes.
In this study, I evaluate the FlowCAM’s performance in distinguishing
cryptotephra grains ranging from 20-63 µm in diameter from a non-volcanic sedimentary
matrix. A library of tephra images was first created using pure tephra samples. I then
evaluated the effectiveness of the particle recognition software to discriminate between
tephra grains in mixed samples of fine grained lake sediment known to contain tephra.
Our objective was to determine: (1) if this approach is capable of accurate quantification
of cryptotephra concentrations in lake sediment samples, (2) the limitations of this
method (3) if this method can be used to replace conventional extraction-microscopy
methods for cryptotephra isolation and quantification

Methods and Results
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Instrument setup
All sediment samples involved in this study were analyzed on a Benchtop model
FlowCAM at 100X magnification and using a 100μm flow cell. Before each run, the
FlowCell was cleaned then primed with a 15-mL aliquot of polyvinylpropyl (PVP), a
non-fibrous heavy-liquid, to remove any air bubbles or residual particles. Camera
parameters were adjusted so that the field of view, focus, brightness, gain, aperture and
shutter speed were optimized. Image thresholds were defined with a minimum ESD
diameter of 15μm, to avoid imaging unnecessary particles, and a minimum distance
between grains of 2μm, to avoid grouping aggregates of small particles into single
images. Samples were suspended in ~20-mL of PVP, homogenized thoroughly, and
pipetted into the FlowCam with a pump setting of 4-Slow. Samples were processed
using “Auto-Image mode” at a constant imaging rate of 10-frames per second. When ~1mL of sample-solution remained in the top of the FlowChamber, ~10-mL of PVP was
added to to ensure that all particles had been imaged and the recollection rate was close to
100%. Samples were recollected in their original containers, to be used in later
procedures.

Methodology and tephra-library development
Pure rhyolitic and basaltic tephra samples were processed in order to test the
FlowCAM’s ability to; image cryptotephra particles 20-63μm in diameter, develop a
procedure tailored to this application, and generate a library of “ideal” tephra images to
be used in statistical filters. Initially, these samples were run over 50 times, each time
allowing us to further calibrate the instrument settings for imaging tephra particles and
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continue to develop and refine our procedures. Qualitative results from this preliminary
step provided valuable insight into the attributes and limitations of the instrument,
method, and software. Specifically, this experiment highlighted the importance of sample
size, concentration, homogeneity, camera settings (image-rate, shutter-speed, gain, and
aperture), camera focus, flow rate, and image-thresholds. Ultimately, by adjusting these
variables, I was able to maximize the instruments ability to consistently capture high
quality tephra images, resulting in an extensive library of quality tephra images for both
the rhyolitic and basaltic samples (Figure 1.).
Mixed samples with varying concentrations of tephra and fine-grain
minerogenic sediment were then run on the FlowCAM. Statistical filters based on the
tephra-image library were applied to the list files generated from these samples, testing
the ability of the VisualSpreadsheet’s particle recognition software to effectively identify
tephra in mixed samples. High concentrations of fine-grained sediment were present in
these samples, decreasing the instrument’s ability to image all of the tephra images
flowing past the lens. To correct for this, minimum particle size thresholds of a 15μm
diameter and a 2μm minimum-distance between particles were defined. When a
minimum particle diameter requirement is defined before the start of each run, the
FlowCAM is forced to “ignore” particles smaller than 15μm, allowing the instrument to
concentrate on imaging particles in each sample that are similar in size to the targeted
tephra grains. When a 2μm minimum-distance between particles is defined, the
FlowCAM is told to image particles separately when they are separated by a distance of
at least 2μm. If this distance is greater, groups of fine grained particles are grouped
together in a single image frame. Furthermore, fine-grained sediment surrounding the
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tephra will be included in the same image frame, skewing the particle property
measurements used by the particle recognition software. Ultimately, this will greatly
reduce the accuracy of tephra identification and therefore the final tephra grain counts.
Once these parameters had been set, statistical filters based on the tephra image
library were applied to the data files generated from the samples, testing the ability of the
VisualSpreadsheet’s particle recognition software to effectively differentiate tephra in
mixed samples. The results were promising, and the image library was able to
differentiate tephra from the background sediment, accurately identifying tephra in
samples from both the rhyolitic and basaltic tephra mixtures. Furthermore, the software
was able to identify both classes of tephra equally in samples containing a mixture of
rhyolitic, basaltic, and minerogenic particles. This indicated that our library file did not
contain a bias towards either species, demonstrating that a single library file could be
used in the identification of either class of tephra in real sediment samples.

Lake sediment application

Sample preparation
A series of lake sediment samples known to contain tephra were analyzed using
the FlowCAM. Prior to FlowCAM analyses, the lake sediment samples were acidified
using concentrated nitric acid to remove any organic matter (Pilcher et al., 1996), and
centrifuged in triplicate, using deionized water to remove any remaining acid. The
acidified samples were then washed in deionized water over a 20µm sieve, removing fine
grained particulate matter. A sodium-polytungstate liquid was prepared to a density of
2.3g/cm3 and added to each sample. Following centrifugation, supernatant material was
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removed. This step was done in triplicate, removing material less dense than the tephra
grains. Sodium-polytungstate solution with a density of 2.5g/cm3 was added to the
remaining material in each sample, and after centrifugation, supernatant material
containing tephra was transferred to another container (Turney, 1998). Again, this
procedural step was done in triplicate, resulting in a concentrated sample of tephra and
mineral grains of similar density.

Procedure

Following the “acid digestion–heavy liquid separation” procedure, the
concentrated lake sediment samples were run on the FlowCAM, and carefully recollected into their original containers. Initially, the list files generated from these
samples were statistically filtered used the “tephra” image library. The resultant data was
then manually inspected and the highest quality tephra images from each sample were
added to the original “tephra” library. This updated image library was then used again to
statistically filter the original list files for each lake sediment sample. For each sample,
the number of images that were determined statistically to be tephra was summed,
producing an unbiased tephra shard count for each sample. To determine the accuracy
and precision of this method, the re-collected samples were then mounted onto glass
slides using EpoTHIN epoxy, and the numbers of tephra grains recognized under a
polarized light microscope were counted, as with conventional tephra identification
methods.
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Results
Seventeen lake sediment samples were analyzed. These samples span two known
tephra horizons at depth intervals of 243-250cm and 283-291cm. FlowCAM analyses
showed concentrations of tephra ranging from 2-90 grains per sample, with distinct peaks
of 89 and 90 grains occurring at 247 and 284cm, respectively (Figure 2). Samples were
recollected and examined using standard microscopy methods. Microscope counts
indicated concentrations ranging from 24-317 grains per sample, with distinct peaks (317
and 312 shards) at depths of 247 and 284cm (Figure 2). Although the absolute number of
grains counted on the FlowCAM was consistently lower than the microscopy counts, the
relative concentrations were consistent at all depths (Figure 2). The FlowCAM identified
an average of 22.8 + 9.7% of the grains counted under a microscope. The sizeable
standard deviation is, however, most likely a product of human error inherent in using a
microscope to quantify tephra. Microscope counts are based on qualitative identification
of grains and are subject to misidentification and omission. In order to estimate the
uncertainty of microscope counts, sample depths with the highest concentrations were
counted under the microscope in triplicate. Average counts for the two peaks at 247cm.
and 284 cm. were 317+11 and 312+14, respectively. By contrast, the VisualSpreadsheet
software uses an algorithm based on quantitative particle values to determine the
likelihood of a particle actually being tephra, so that identification is standardized and
variability in identification between samples is negligible.
Tephra counts produced by the FlowCAM method showed slight bias,
preferentially identifying a greater percentage of shards in the basaltic tephra containing
samples. The percentage of tephra imaged by the FlowCAM for the basaltic and rhyolitic
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samples was 29.7+8.7% and 16.8+5.9% of the number of grains identified by microscopy
respectively (Figure 2). However, within each of the distinct eruption intervals, the
percentage of rhyolitic tephra and the percentage of basaltic tephra imaged by the
FlowCAM had much higher correlation coefficients (Figure 2).

Discussion

This rapid image-based approach to identifying cryptotephra horizons is capable
of providing an accurate picture of the relative concentration of tephra particles in a set of
samples. The FlowCAM was capable of imaging cryptotephra grains between 20-100μm,
and at concentrations approaching a lower limit of zero. In lake sediment samples,
comparison of FlowCAM grain counts with those produced by standard microscopy
show that the instrument was able to accurately identify samples with the highest
concentration of tephra. Out of all of the samples analyzed, the results from both the
FlowCAM and microscopy counts identified the tephra concentration maxima at the
same depth intervals of 247 and 284 cm. However, the FlowCAM was only capable of
counting roughly 1/3 of the total concentration in each sample. Interestingly, in a
previous study Alvarez et al. (2011) found that using the FlowCAM at 100X in autoimage made, only 31.49% of the total sample was being captured within the field of view
of the camera lens. When taking this into account, our ability to image 22.8 + 9.7 % of
the total tephra concentration not only makes sense, but also bolsters the idea that the
FlowCAM is in fact imaging and correctly identifying a high percent of the tephra
flowing through the field of view. When this 31.49% image rate is corrected for in the

101

results of this study, the FlowCAM consistently imaged and accurately identified 74.6%
of the actual tephra contained in each sample.
The ultimate goal of this study was to test the suitability of this instrument and
method as a replacement for the tedious and destructive extraction-microscopy
technique. This was under the assumption that a raw sample of lake sediment could be
processed by the FlowCAM, and subsequently recollected, preserving the sample for
later analyses. However, distal cryptotephra deposits occur in very low concentrations.
Our study showed that in mixed samples of pure cryptotephra and background
minerogenic lake sediment, tephra:background sediment ratios had to be greater than ~
1:200 in order to be accurately processed in a reasonable amount of time (20-30
min./sample). In sedimentary archives where crypto-tephra horizons contain very high
concentrations of tephra shards this method would be very advantageous, as a sample
would not require destructive and lengthy pre-processing steps. However, our
experiments showed that the small sediment volume analyzed and the low concentration
of tephra particles typically found within each sample impose important constraints on
the number of particles that are effectively sampled in a given amount of time. As such,
pre-processing of the sediment core is still required, to reduce the sample to a
manageable volume prior to FlowCAM analysis. Nevertheless, the FlowCAM can
provide an indication of where tephra is likely to be more abundant in a sediment core—
making subsequent isolation of tephra shards using conventional density-separation
methods more efficient by focusing attention on specific horizons. In other types of
records (peat, or sedimentary records with visible/high concentrations of tephra), the
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FlowCAM’s possibility as an effective replacement to standard microscopy seems very
possible, and warrants further investigation in future studies.

Conclusions

The results from this study indicate a strong potential for the FlowCAM to
provide a valuable method of particle discrimination in a wide variety of
sedimentological applications. The instrument was able to efficiently capture high-quality
images of tephra shards within a sample, such that the images clearly depicted the distinct
morphological characteristics of the targeted tephra shards. These distinct particle
properties allowed the visual pattern recognition software to accurately identify and
separate out the tephra images within a sample’s data file. Ultimately, I was able to
accurately determine the relative concentrations of tephra within a sediment sample, and
these results substantiate continued investigation, as the FlowCAM may provide a
possible alternative to traditional microscopy methods when the identification and
enumeration of any microscopic “group” of particles in a mixed sediment sample can be
defined by a set of distinct particle characteristics.
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Figure 4.1. Screenshot of lake sediment data file (left side) and tephra image lilbrary
(upper right) produced by the FlowCAM. Particle images from the lake sediment file
that have particle properties (lower left) that fit the “tephra” criteria generated by the
library image set are highlighted in red boxes.
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Figure 4.2. Results from the lake sediment application of the FlowCAM study. A) Grain
counts for the 17 lake sediment samples using; the FlowCAM (light grey) and traditional
microscopy methods (black). B) the Scatter plot of these values displaying the the linear
relationship. C) Percent of total tephra grains imaged by the flowcam (FlowCAM
counts/microscope counts *100) for the rhyolitic (light grey) and basaltic (black)
populations. D) the scatter plot of FlowCAM vs. Microscope counts for each population
displaying the the linear relationships for each and the slight bias of the library towards
imaging rhyolitic grains.
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CHAPTER 5

CONCLUSIONS

This research showed that Lake Lilandsvatnet contains a record of land use
changes associated with different prehistoric and historic settlement periods. Combining
geochemical proxy records for environmental changes alongside high resolution
biomarker records of anthropogenic activity; the results of this thesis provided a better
understanding of molecular taphonomy in Lake Lilandsvatnet, identifying the
relationships between molecular signals preserved in sediments and the original
environmental and anthropogenic conditions they represent. This allowed me to attribute
and disentangle the extent to which observed environmental changes in our records were
mainly a response to either natural or anthropogenic forcing. Furthermore, the records
provide insight into the details of agricultural practices of the early Viking settlers.
Cryptotephra deposits from Icelandic eruptions are also used in this study to improve age
control in the chronology of this reconstruction, and I explored possible ways to improve
existing methods for crypto-tephrochronology through the development new techniques
using the FlowCAM. In the following sections, I will summarize the main findings of
each chapter.

Chapter 2. Summary
The results from this chapter verify my hypothesis that the molecular markers
presented here can be directly linked to human populations and agricultural activities.
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The long-term quantitative record of human fecal stanols (coprostanol and epicoprostanol) and fecal stanols from domesticated sheep and cattle (campestanol and epicampestanol) reveals high resolution evidence for the beginning of human occupancy and
the onset of agricultural practices, as well as human and livestock population dynamics in
response to climatic, environmental, social, political, and demographic pressures.
Complementing these indicators with molecular markers for reconstructing the burning of
catchment vegetation during land-clearance, and land-management practices (pyrolytic
PAHs) and changes in the overall composition of the surrounding vegetation (n-alkanes)
allowed me to asses the rate and scale of vegetation changes occurring as a result of the
overall human disturbances. Through the results of this study, I was able to I was able to
unambiguously date the onset of significant human impact on the environment in Arctic
Norway to ~2,280 cal yr BP. The reconstruction also shows evidence for several
instances of rapid population decline that can be strongly tied to historic events such as
the great migration period and exodus to Iceland at c.1050 cal yr BP as well as the
ubiquitous “Black Plague” from 660-580 cal yr BP.

Chapter 3. Summary

The chronology for this record was developed by carbon dating of macrofossils
from the sediment cores and further developed using distal Icelandic tephra deposits
(cryptotephra) isolated from the surface core. Electron micro-probe analyses of select
cryptotephra samples provided major element geochemistries used to identify these
tephras as; Askja-1875, Hekla-1158, Hekla-1104, OWB-105, Borge Inderpollen 24cm
(BIP-24a), 860 AD tephra (B), SN-1 and Borge QUB-565. These tephras greatly
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improve age control in my reconstructions, permitting me to more confidently assign
ages to major events recorded in the sedimentary records.

Chapter 4. Summary

In this chapter, I explored the possibility for using a continuous imaging flowcytometer (FlowCAM) as a novel approach to isolating distal tephra deposits in lake
sediments. The results from this study indicate a strong potential for the FlowCAM to
provide a valuable method of particle discrimination in a wide variety of
sedimentological applications. The instrument was able to efficiently capture high-quality
images of tephra shards within a sample, such that the images clearly depicted the distinct
morphological characteristics of the targeted tephra shards. These distinct particle
properties allowed the visual pattern recognition software to accurately identify and
separate out the tephra images within a sample’s data file. Ultimately, I was able to
determine the relative concentrations of tephra within sediment samples, and these results
substantiate continued investigation, as the FlowCAM may provide a possible alternative
to traditional microscopy methods when the identification and enumeration of any
microscopic “group” of particles in a mixed sediment sample can be defined by a set of
distinct particle characteristics.

Final Conclusions & Remarks

As I have shown here, it is increasingly important in Holocene
paleoenvironmental studies that we are investigating the effects of both natural forcings
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as well as human activities through unique multi-proxy studies. The further development
and refinement of more direct and unambiguous records of human activity, ecology and
archaeology, is a crucial aspect for the future of environmental change research. Various
molecular markers, such as the ones presented by this thesis, can be used to define
baseline concentrations of each occurring in the sedimentary record prior to human
interference and can measure relative human and livestock population dynamics,
agricultural activities and the rate, scale and trend of vegetation changes occurring as a
result of human disturbances. However, high sampling resolution and chronological
control are necessary when generating reconstructions of these aspects of Holocene
environmental change, especially if the full spectrum of these changes is to be resolved.
For more accurate paleoenvironmental reconstruction, human impact must be considered!
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APPENDIX
RAW DATA FROM BULK AND LIPID GOCHEMISTRY ANALYSES

A1. Aliphatic Hydrocarbons (n-alkanes).
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* Concentrations are reported as normalized to grams of organic carbon (ug/gOC).
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A2. Pyrolytic Polycyclic Aromatic Hydrocarbons.

115

* Concentrations are reported as normalized to grams of organic carbon (ug/gOC).
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A3. Fecal 5-β Stanols and Respective 5-β Epimers
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* Concentrations are reported as normalized to grams of organic carbon (ug/gOC).
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A4. Results from Age-Depth Modeling
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120
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*Age-depth modeling was done using “R” (R Development core team 2011) and routine
Clam (Blaauw 2010). Based on radiocarbon and tephra ages for cores LIL A, B, &C
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